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ABSTRACT 

This packet, part of the instructional materials for 
the Oregon apprenticeship program for millwright training, contains 
five modules covering turbines. The modules provide information on 
the following topics: types, components, and auxiliaries of steam 
turbines; operation and maintenance of steam turbines; and gas 
turbines. Each module consists of a goal, performance indicators, 
student study guide, vocabulary, introduction, information sheets 
illustrated with line drawings and photographs, an assignment sheet, 
a job sheet, a self-assessment test with answers, a post-assessment 
test with answers for the instructor, and a list of supplementary 
references. (Copies of supplementary references, which are sections 
of lectures from a correspondence course published by the Southern 
Alberta Institute of Technology, are included in the packets.) 
(KC) 
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SAFETY 

1.1 General Safety 

1.2 Hand Tool Safety 

1.3 Power Tool Safety 

1.4 Fire Safety 

1.5 Hygiene Safety 

1.6 Safety and Electricity 

1.7 Fire Types and Prevention 

1.8 Machine Safeguarding (includes OSHA Handbook) 

EU)CTPJCITy/EIECTRONIC S 

2.1 Basics of Energy 

2.2 Atomic Theory 

2.3 Electrical Conduction 

2.4 Basics of Direct Current 

2.5 Introduction to Circuits 

2.6 Reading Scales 

2.7 Using a V.O.M. 

2.8 OHM'S Law 

2.9 Power and Watt's Law 

2.10 Kirchoff 's Current Law 

2.11 Kirchoff 's Voltage Law 

2.12 Series Resistive Circuits 

2.13 Parallel Resistive Circuits 

2.14 Series - Parallel Resistive Circuits 

2.15 Switches and Relays 

2.16 Basics of Alternating Currents 

2.17 Magnetism 

COMPUTERS 

3.1 Digital Language 

3.2 Digital Logic 

3.3 Computer Overview 

3.4 Computer Software 

TOOLS 

4.1 Boring and Drilling Tools 

4.2 Cutting Tools, Files and Abrasives 

4.3 Holding and Fastening Tools 

4.4 Fastening Devices 

4.5 Basic Science - Simple Mechanics 

4.6 Fasteners 
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DRAFTING 



5.1 Types of Drawing and Views 

5.2 Sketching 

5.3 Blueprint Reading/Working Drawings 

5.4 Working Drawings for Machines and Welding 

5.5 Machine and Welding Symbols 

5.6 Blueprint Reading, Drafting: 

5.7 Blueprint Reading, Drafting: 

5.8 Blueprint Reading, Drafting: 

5.9 Blueprint Reading, Drafting: 

5.10 Blueprint Reading, Drafting: 

5.11 Blueprint Reading, Drafting: 

5.12 Blueprint Reading, Drafting: 

5.13 Blueprint Reading, Drafting: 

5.14 Drafting, Machine Features 

5.15 Drafting, Measurement 

5.16 Drafting, Visualization 



Basic Print 
Basic Print 
Basic Print 
Basic Print 
Basic Print 
Basic Print 
Basic Print 
Basic Print 



Reading 
Reading 
Reading 
Reading 
Reading 
Reading 
Reading 
Reading 



HUMAN RELATIONS 

6.1 Communications Skills 

6.2 Feedback 

6.3 Individual Strengths 

6.4 Interpersonal Conflicts 

6.5 Group Problem Solving 

6.6 Goal-setting and Decision-making 

6.7 Worksite Visits 

6.8 Resumes 

6.9 Interviews 

6.10 Expectation 

6.11 Wider Influences and Responsibilities 

6.12 Personal Finance 

BOILERS 



7.1 


Boilers 




Fire Tube Types 


7.2 


Boilers 




Watertube Types 


7.3 


Boilers 




Construction 


7.4 


Boilers 




Fittings 


7.5 


Boilers 




Operation 


7.6 


Boilers 




Cleaning 


7.7 


Boilers 




Heat Recovery Systems 


7.8 


Boilers 




Instruments and Controls 


7.9 


Boilers 




Piping and Steam Traps 



TURBINES 



8.1 Steam Turbines 

8.2 Steam Turbines 

8.3 Steam Turbines 

8.4 Steam Turbines 

8.5 Gas Turbines 



Types 

Components 
Auxiliaries 

Operation and Maintenance 
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PUMPS 

f 9.1 Pumps - Types «uid Classification 

9.2 Punps - Applications 

9.3 Pumps - Construction 

9.4 Pumps - Calculating Heat and Flow 

9.5 Pumps - Operation 

9.6 Pumps - Monitoring and Troubleshooting 

9.7 Pumps - Maintenance 

COMBUSTION 

10.1 Combustion - Process 

10.2 Combustion - Types of Fuel 

10.3 Combustion - Air and Fuel Gases 

10.4 Combustion - Heat Transfer 

10.5 Combustion - Wood 

GENERATORS 

« 

11.1 Generators - Types and Construction 

11.2 Generators - Operation 1 

FEEDWATER 

12.1 Feedwater - Types and Equipment 

12.2 Feedwater - Water Treatments 

12.3 Feedwater - Testing 

AIR COMPRESSORS 

13.1 Air Compressors - Types 

13.2 Air Compressors - Operation and Maintenance 

STEAM 

14.1 Steam - Formation and Evaporation 
14.' Steam - Types 

14 J Steam - Transport 

14.4 Steam - Purification 

MISCELLANEOUS 

15.1 Installation - Foundations 

15.2 Installation - Alignment 

15.3 Circuit Protection 

15.4 Transformers 

15.5 Trade Terms 

TRADE MATH 

16.1 Linear - Measure 

16.2 Whole Numbers 

16.3 Additional and Subtraction of Common Fraction and Mixed Numbers 
v 16.4 Multiplication and Division of Common Fractions and whole and 

Mixed Numbers 
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16.5 Compound Numbers 

16.6 Percent 

16.7 Ratio and Proportion 

16.8 Perimeters, Areas and Volumes 

16.9 Circumference and Wide Area of Circles 

16.10 Area of Plane, Figures and Volumes of Solid Figures 

16.11 Metrics 





HYDRAULICS 




17.1 


Hydraulics - 


Lever 


17.2 


Hydraulics - 


Transmission of Force 


17.3 


Hydraulics - 


Symbols 


17.4 


Hydraulics - 


Basic Systems 


17.5 


Hydraulics - 


Pumps 


17.6 


Hvdraulics - 


Pre ssure Re 1 ie f Va 1 ve 


17.7 


Hvdraulics — 


Reservoirs 


17.8 


Hydraulics - 


Directional Control Valve 


17.9 


Hydraulics - 


Cylinders 


17.10 


Hydraulics - 


Forces r Area r Pressure 


17.11 


Hydraulics - 


Conductors and Connectors 


17.12 


Hydraulics - 


Troub le shoo ting 


17.13 


Hydraulics - 


Maintenance 




METALLURGY 




18.1 


Included are 


ILS packets: 




W 3010 






W 3011-1 






W 3011-2 






MS 9001 


(1-3-4-8-9-6-7-5-2-9) 



MS 9200, 9201 



POWER DRIVES 



19.1 



101. A-B-C-D-E 

102 . C-D-E 

103 . B-C-D-E 

104 . A-C-E-F-G-H-I-J 

107. A 

108. A 



WELDING 

20.1 602. A-B-C-D-G-I-L-M 

603 . A-B-F-G-I 

W. 3011-1 refer to Mettallurgy 18.1 
WE. MA- 18 
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Note: All reference packets are numbered on the upper right-hand corner cf the respective cover page. 



Supplementary 
Packe t | 

1.8 

12.1 

12.2 

12.3 

12.4 

12.4 

12.5 

12.7 



13.1 
13.2 
13.4 
13.6 
13.7 

13.3 
13.5 



Description 

Concepts & Techniques of Machine Safeguarding, U.S.D.L., O.S.H.A. 

Correspondence Course, Lecture 1, Sec. 2, Steam Generators, Types 
of Boilers I, S.A.I.T., Calgary, Alberta, Canada 

Correspondence Course, Lecture 2, Sec. 2, Steam Generators, Types 
of Boikers II, S.A.I.T., Calgary, Alberta, Canada 

Correspondence Course, Lecture 2, Sec. 2, Steam Generators, Boiler 
Construction & Erection, S.A.I.T., Calgary, Alberta, Canada 

Correspondence Course, Lecture 4, Sec. 2, Steam Generators, Boiler 
Fittings II, S.A.I.T., Calgary, Alberta, Canada 

Correspondence Course, Lecture 4, Sec. 2, Steam Generators, Boiler 
Fitting I, S.A.I.T., Calgary, Alberta, Canada 

Correspondence Course, Lecture 10, Sec. 2, Steam Generation, Boiler 
Operation, Maintenance, Inspection, S.A.I.T., Calgary, Alberta, 
Canada 

Correspondence Course, Lecture 3, Sec. 2, Steam Generation, Boiler 
Details, S.A.I.T., Calgary, Alberta, Canada 

Correspondence Course, Lecture 9, Sec. 2, Steam Generator, Power 
Plant Pumps, S.A.I.T., Calgary, Alberta, Canada 



Correspondence Course, Lecture 6, Sec. 3, Steam Generators, Pumps, 
S.A.I.T., Calgary, Alberta, Canada 



Related Training Module 
1.8 Machine Safeguarding 

Boilers, Fire Tube Type 



7.1 
7.2 
7,3 
7.4 
7.4 
7.5 

7.7 
PUMPS 

971 Types & Classifications 

9.2 Applications 

9.4 Calculating Heat & Flow 

9.6 Monitoring & Troubleshooting 

9.7 Maintenance 

9.3 Construction 

9.5 Operation 



Boilers, Water Tube Type 
Boilers, Construction 
Boilers, Fittings 
Boilers, Fittings 
Boilers, Operation 



Boilers Heat Recovery 
Systems 
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BEST COPY AVAILABLE 



Supplementary 
Packet | 

14.3 
12.8 



14.4 
15.1 
15.2 
15.3 

15.4 

15.5 
16.2 
lb. 2 
16. J 
17.1 
1. 2 



Description 



Correspondence Course, Lecture 6, Sec. 3, Steam Generators, Steam 
Generator Controls, S.A.I.T., Calgary, Alberta, Canada 



Correspondence Course, Lecture 11, Sec. 2, Steam Generators, 
Piping II, S.A, I.T., Calgary, Alberta, Canada 

Correspondence Course, Lecture 1, Sec. 4, Prime Movers, & Auxil- 
iaries, Steam Turbines, S.A.I.T., Calgary, Alberta, Canada 

Correspondence Course, Lecture 4, Sec. 3, Prime Movers, Steam 
Turbines I, S.A.I.T., Calgary, Alberta, Canada 

Correspondence Course, Lecture 2, Sec. 4, Prime Movers & Auxil- 
iaries, Steam Turbine Auxiliaries, S.A.I.T., Calgary, Alberta, 
Canada 

Correspondence Course, Lecture 6, Sec. 3, Prime Movers, Steam 
Turbine Operation & Maintenance, S.A.I.I., Calgary, Alberta, 
Canada 

Correspondence Course, Lecture 8, Sec. 3, Prime Movers, Gas 
Turbines, S.A.I.T., Calgary, Alberta, Canada 

Boilers Fired with Wood & Bur 1 - Residues, D.D. Junge, F.R.L., 
O.S.U., 1975 

^rrespondence Course, Le<. cure 5, Sec. 2, Steam Generators, Fuel 

Combustion, S.A.I.T., Calgary, Alberta, Canada 

Correspondence Course, Lecture 5, Sec. 2, Plant Services, Fuel 
& Combustion, S.A.I.T., Calgary, Alberta, Canada 

Correspondence Course, Lecture 12, Sec. 3, Steam Generation, Water 
Treatment, S.A.I.T., Calgary, Alberta, Canada 

Correspondence Course, Lecture 12, Sec. 2, Steam Generation, Water 
Treatment, S.A.I.T., Calgary, Alberta, Canada 



ERIC 



*i 0 



Related Training Module 

14.3 Steam Transport 

7.8 Boilers, Instruments & 
Controls 

14.4 Steam Purification 



8.1 Steam Turbines, Types 



8.2 Steam Turbines, Components 



8.3 Steam Turbines. Auxiliaries 



8.4 Steam Turbines, Operation 
& Maintenance 



8.5 Gas Turbines 



10.2 Combustion Types of Fuel 



10.2 Combustion Types of Fuel 



10.3 Combustion Air & Fuel Gases 



12.1 Feedwater, Types & 
Operation 

12.2 Feedwater, Water 
Treatments 
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Supplementary 
Packet | 

17.3 
18.1 



18.1 
18.2 



19.1 
19.1 

20.1 
21.1 

22.1 



Description 

Correspondence Course, Lecture 7, Sec. 2, Steam G orators, Boiler 
Feedwater Treatment, S.A.I.T., Calgary, Alberta, I nada 

Correspondence Course, Lecture 2, Sec. 5, Electricity, Direct 
Current Machines, S.A.I.T., Calgary, Alberta, Canada 

Correspondence Course, Lecture 4, Sec. 5, Electricity, Alternating 
Current Generators, S.A.I.T., Calgary, Alberta, Canada 

Correspondence Course, Lecture 5, Sec. 4, Prime Movers & Auxil- 
iaries, Air Compressor I, S.A.I.T., Calgary, Alberta, Canada 

Correspondence Course, Lecture 6, Sec. 4, Prime Movers ft Auxil- 
iaries, Air Compressors II, S.A.I .7 . , Calgary, Alberta, Canada 



Basic Electronics, Power Transformers, EL-BE-51 

Correspondence Course, Lecture 6, Sec. 5, Electricity, Switchgear 
& Circuit, Protective Equipment, S.A.I.T., Calgary, Alberta, 
Canada 

Correspondence Course, Lecture 10, Sec. 3, Prime Movers, Power 
Plant Erection & Installation, S.A.I.T., Calgary, Alberta, Canada 



Related Tr aining Module 
12.3 Feedwater, Testing 



11.1 Generators, Types & 
Construction 

11.1 Generators, Types & 
Construction 

18.2 Generators, Operation 

13.1 Air Compressors, Types 



13.1 Air Compressors, Types 

13.2 Air Compressors, Operation 
& Maintenance 

15.4 Transformers 

15.3 Circuit Protection 



15.1 Installation Foundations 
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RECOMMENDATIONS FOR USING TRAINING MODULES 



The following pages list modules and their corresponding numbers for th 
particular apprenticeship trade. As related training classroom hours 
vary for different reasons throughout the state, we recommend that 
the individual apprenticeship committees divide the total packets to 
fit their i ndi"i dual class schedules. 

There are over 130 modules available. Apprentices can complete the 
whole set by the end of their indenturjd apprenticeships. Some 
apprentices may already have knowledge and skills that are covered 
in particular modules. In those cases, perhaps credit could be 
granted for those subjects, allowing apprentcies to advance to the 
remaining modules. 

We suggest the the apprenticeship instructors assign the modules in 
numerical order to make this learning tool most effective. 



SUPPLEMENTARY INFORMATION 
ON CASSETTE TAPES 



Tape 1: 



Tape 2: 



Tape 3x 



Tape 4: 



Fire Tube Boilers - Water Tube Boilers 
and Boiler Manholes and Safety Precautions 



Boiler Fittings, Valves, Injectors, 
Pumps and Steam Traps 



Combustion, Boiler Care and Heat Transfer 
and Feed Water Types 



Boiler Safety and steam TUrbines 



NOTE: The above cassette tapes are intended as additional 
reference material for the respective modules, as 
ind? jated, and not designated as a required assignment. 



Modules 18.1, 19.1, and 20.1 have been omitted because they contain 
dated materials. 
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8.1 

STEAM TURBINES — TYPES 



Goal: 



The apprentice will be able to 
describe the common types of 
steam turbines. 



O ■ 
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Performance Indicators: 

1. Describe impulse turbines. 

2. Describe reaction turbines. 
3* Describe compound turbines. 

4. Describe velocity blading. 

5. Describe reaction blading. 

6. Describe turbine compounding. 

7. Describe other types of 
turbines. 
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'Study Guide 





* Read the goal and performance indicators to find what is to be learned from 
package. 

* Read the vocabulary list to find new words that v/ill be used in package. 

* 

* Read the introduction and information sheets. 

* Complete the job sheet. 

* Complete self-assessment. 

* Complete post-assessment. 
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Vocabulary 




* Compound turbines 

* Condensing turbine 

* Condensing bleeder turbine 

* Cross compound turbine 

* Extraction turbines 

* Impulse turbines 

* Kinetic energy 

* Pressure compounding 

4£ * Pressure velocity compounding 

* Reaction blading 

* Reaction turbine 

* Tandem compound turbine 

* Turbine compounding 

* Velocity blading 
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* Introduction 





Turbines are . a type of motor that is mounted on a shaft and consists of rotor 
blades that are actuated by steam, gas, water or other pressure. The steam 
turbine is common to the American industrial setting. 

Basically, turbines operate on the principles of impulse and reaction. Turbine 
design uses these principles, singly and in combination, to improve the 
efficiency of turbines. 

Efficiency involves capturing most of the force or energy of the steam that 
passes through the turbine blades* Several methods of "Compounding" this energy 
have been incorporated into the design of tu-bine engines. 
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Information 





The steam turbine is used by industries where power and heat is needed to perform 
processing. Refineries, paper mills, food processing, heating plants and many 
other industries utilize steam turbines as a prime mover. 

Impulse Turbines ' 

The impulse turbine uses stationary steam nozzles to turn a rotor with blades or 

buckets. Steam is directed at high velocity at the blades. The high velocity 

of the steam is a result of lowered steam pressure. As steam pressure is 
reduced the heat energy of the steam is converted into kinetic energy . The 

blades of the rotor convert the kinetic energy into mechanical energy which 
turns the rotor and shaft. The impulse principle can be shown. 



The velocity increases and pressure drops as the steam passes through the 
nozzles* As the steam passes through the blades, the velocity drops but 
pressure remains constant.. On impulse turbines, pressure at the inlet to 'blades 
is the same as that at the outlet from the blades. 

Reaction Turbine 

In the pure form, reaction turbines are not used in industry. The reaction 
turbine that is common uses the principles of impulse and reaction. There are 
equal numbers of rows of fixed and rotating blades on the rotor* The steam 
velocity increases as it passes through the fixed blades. As it strikes the 
fixed blades, the pressure of the steam is reduced and velocity increased due to 
a change in direction* This produces a driving force in the same manner as on 
impulse turbine. The steam will next undergo a reaction procesb. The rotating 
blades are arranged in a manner that will allow the pressure to drop. Remember, 
in the impulse turbine the pressure remains the same as it passes through tfhe 




FORCE 




Section of Turbine Blade 
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Information 




blades. In a reaction turbine, this pressure drop allows more heat energy to bp 
converted into a driving force. The reaction turbine has a driving force equ_ . 
to the energy converted by impulse and that from the reaction. In both cases, 
the pressure drop- increased velocity; converted heat energy to kinetic energy; 
and converted kinetic energy into mechanical energy for turning the rotor. 
Commercial turbines are often a combination of impulse and reaction types. 

Compound Turbines 

Compound turbines consist of two or more large turbines linked with one or mor* 
generators. A tandem compound turbine is two or more turbines hooked in series 
with one gerneator. A cross compound turbine is a coupling of turbines in which 
each is on its own shaft and has its own generator. The steam flows from one to 
the other. 




Velocity Blading 

Velocity blading is a method of reducing steam velocity from boiler pressure to 
exhaust pressure. Steam is expanded within one set of nozzles and routed 
through rows of moving and fixed blades. The steam velocity is absorbed in the 
moving blades. The fixed blades act to redirect the steam to the next row 
of moving blades. Since the velocity is absorbed by several rows of moving 
blades, the blade speed is less than if the velocity was absorbed by a single 
row of blades. Velocity blading is a method for reducing the speed of the 
rotor. For maximum efficiency, the blade velocity should be one half that of 
the steam velocity. 



& 
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Reaction Blading 

Reaction blading uses the principles of impulse and reaction turbines to pull 
the maximum energy from the steam. As s learn expands in the fixed blades, 
velocity increases and the pressure drops. The increased velocity hies the 
moving blades and exerts a force on the rotor. The steam will continue to 
increase and decrease pressure and velocity as it passes through alternating 
rows of fixed and moving blades. This type of blading "milks" the last drop of 
energy from the passing steam. 

Turbine Compounding 

Turbine design attempts to utilize all of the kinetic energy available in steam 
as it passes through the blades. A number of methods are used to capture the 
energy. Host are based upon the principle that when steam expands, the velocity 
increases. Three basic methods for compounding the energy of steam are utilized 
in the design of turbines. 

1 • Pressure compounding 

2. Velocity compounding 

3. Pressure-velocity compounding 



Pressure compounding drops the steam pressure in stages. The pressure drops 
occur as steam passes through nozzles. This system uses several nozzles that 
are fitted into diaphragms to keep each stage of compounding separate from the 
others. As the steam moves into each row of blades, the blade speed is reduced. 
To get the proper blade speed, additional stages can be added. 

Velocity compounding uses one set of nozzles and several rows of fixed and 
moving blades. As steam passes from stationary to moving blades, a change of 
direction of energy occurs. Velocity is absorbed by more than one row of moving 
blades. The blade velocity is reduced to a ratio of maximum efficiency. Some 
small turbines have only single wheels and use return guides or reversing 
chambers to change direction of steam and force it to give up its useful energy. 
The singel wheel types are axial re-entry or radial re-entry turbines. 

Pressure-velocity Compounding 

This system of compounding utilizes the principles of pressure and velocity 
compounding. Velocity compounded turbines are arranged in series on the same 
shaft. A number of sets of nozzles are added to give the desired pressure drop. 
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Other Classifications and Types of Turbines 



Condensing turbines exhausts steam to a condenser where the heat of the steam is 
transferred to the cooling water and returned to the boiler. A condensing- 
bleeder turbine has places for bleeding off the stean at various points. The 
bleed steam is used for heating the feedwater. 

Extraction turbines allow steam to be extracted at one or more points. The 
extracted steam can be used for purposes other than heating feedwater as in the 
case of bleeder turbines. 

Condensing Turbines 

Condensing turbines operate in conjunction with a condenser. The exhaust 

pressure is reduced below that of atmospheric pressure. The condenser changes 

the exhaust steam to water and returns it as boiler feedwater. 

Non-condensing Turbines 

Small turbines often discharge the steam exhaust into the atmosphere or uses it 
as process steam. When steam is not returned to the boiler it is called, a non- 
condensing turbine. Condensers are not part of a non-condensing turbine. 
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Assignment 




* Read pages 1 - 12 in supplementary reference • 

* Complete job sheet. 

* Complete self-*assessment and check answers with answer sheet. 

* Complete post-assessment and ask instructor to check your answers, 
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ANALYZE TURBINE SPECIFICATIONS 

* Obtain turbinfe specifications from a supply catalog, equipment manual or 
other source. 

* Read and analyze the specifications of a specific model turbine « 

- Is the turbine an impulse or reaction turbine? 

- Is it a condensing, non-condensing, extraction, bleeder turbine? 

- How is the turbine compounded? 

* Ask instructor to explain those features that you do not understand. 



10 



INSTRUCTIONAL LEAftNffKTSYSTEMS 



Assessment 





Match the following turbine terras with appropriate phrases. 
1. Impulse turbine 



2. Tandem compound turbine 

3. Reaction turbine 



A. Method of reducing steam 
velocity. 

B. Drops steam pressure in 
stages • 

C. Exhausts steam to a condenser. 



4. Cross compound turbine 
5* Velocity compounding 
6. Pressure compounding 



D. Converted from heat energy as 
pressure of steam is reduced. 

E. Energy that turns the rotor. 



F. Stationary steam nozzles. 



7. Mechanical energy 



8. Condensing turbine 



9. Kinetic energy 



10. Extraction turbine 



G. Allows steam to be extracted 
at various points in turbine. 

H. Not used in pure form by 
industry. 

I. Two or more turbines in series 
with one generator. 

J. Two or more generators on their 
own shaft and with their own 
generator but using the same 
steam. 
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Self Assessment 
Answers 





1. F 

2. I 

3. H 
A. J 

5. A 

6. 3 

7. E 

8. C 
0 9. D 

10. G 
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# Post 

Assessment 




Mark the following statements (T or F) true or false. 

1. Reaction turbines in their pure form are not used in industry. 

2. The so called reaction turbines use both impulse and reaction 
principles. 

3. As steam expands in the nozzles pressure drops. 

4. Velocity increases as steam pressure is reduced. 



5. A cross-compound turbine is a series of turbines mounted on a 
single shaft with one generator. 



6. Velocity blading is a method of increasing the speed of the rotor. 



7. Velocity compounding reduces steam pressure through a series of 
stages or nozzles that are separated by diaphragms. 



8. Condensing turbines return their exhaust steam as feedwater 
to the boiler by running it through a condenser. 



9. Extraction turbines allow steam to be pulled from the turbine for 
other purposes such as steam cleaning. 



10. Axial re-entry turbines are a large type of turbine. 
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SECTION 4 



PRIME MOVERS AND AUXILIARIES 



Third Class 
Lecture 1 



STEAM TURBINES 

INTRODUCTION 

Of all heat engines and prime movers the steam turbine is nearest to the 
ideal and it is widely used in power plants and in all industries where power 
and/or heat is needed for processes. These include: pulp mills, refineries, 
\ pet ro-chemical plants, food processing plants, desalination plants, refuse 

incinerating and district heating plants. 

Advantages 

The successful application in so many industries is due to the many 
ideal features of the steam turbine. These features include: 

1. Ability to utilize high pressure and high temperature steam. 

2. High efficiency. 

3. High rotational speed. 

4. High capacity /weight ratio. 

5. Smooth, nearly vibration-free operation. 

G. No internal lubrication. 
7. Oilfree exhaust steam. 

H. Can be built in small or very large units ( up to 1200 MW ). 
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Disadvantages 

The few disadvantages of the steam turbine are : 

1. For slow speed application reduction gears are required. 

2. The steam turbine cannot be made reversible. 

3. The efficiency of small simple steam turbines is poor. 

OPK RATION PRINCIPLES 



Impulse Turbine 

In principle the impulse steam .arbine consists of a casing containing 
stationary steam nozzles and a. rotor with moving or rotating buckets. 

The steam passes through the stationary nozzles and is directed at high 
velocity against the rotor buckets causing the rotor to rotate at high speed. 

The following events take place in the nozzles: 
The steam pressure decreases. 
The enthalpy of the steam decreases. 
The steam velocity increases. 
The volume of the steam increases. 

There is a conversion of heat energy to kinetic energy as the heat energy 
from the decrease in steam enthalpy is converted into kinetic energy by the in- 
creased steam velocity. 

The nozzles may oe convergent nozzles ( Fig. 1 ) or they may be con- 
vergent-divergent nozzles ( Fig, 2 ). Convergent nozzles are used for smaller 
pressure drops where the minimum exit pressure is 0.577 x the inlet pressure 
( the critical pressure for nozzles. ). 

If the exit pressure is less than 0.577 x inlet pressure, eddy-currents 
are developed and the exit velocity will be less than calculated. 

The convergent-divergent nozzles prevent eddy-currents and the cal- 
culated velocity will be obtained even at large pressure drops. 
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EXIT 



Convergent Nozzle 
Fig. 1 




Convergent-Divergent 
Nozzle 

Fig. 2 

The purpose of the bucket or moving blade on the rotor is to convert the 
kinetic energy of the steam into mechanical energy. If all kinetic energy j s con- 
verted the steam exit velocity will be 0 m/s. This is not possible but it shows 
that the rotor blades must bring the steam exit velocity near 0 m/s. 
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The Impulse Principle 

If steam at high pressure is allowed to expand through a stationary 
nozzle, the reault will be a drop in the steam pressure and an increase in steam 
velocity. In fact, the steam will issue from the nozzle in the form of a high speed 
jet. If this high velocity steam is applied to a properly shaped turbine blade it 
will change in direction due to the shape of the blade ( Fig. 3 ) The effect of this 
change in direction of the steam flow will be to produce an impulse force, marked 
F in Fig. 3, on the blade causing it to move. If the blade is attached to the rotor 
of a turbine, then the rotor will revolve. 



LEADING 
EDGE 



FORCE 




TEAM 
IN 



STEAM 
OUT 



Section of Turbine Blade 
Fig. 3 ^ 



In Fig. 3, force applied tc the blade is developed by causing the steam to 
change direction of flow ( Newton's 2nd Law - change of momentum ). The change 
of momentum produces the impulse force. 

In an actual impulse turbine there are a number of stationary nozzles and 
the moving blades are arranged completely around the rotor periphery. 

Fig. 4 shows the nor.zle and blade arrangement in a simple impulse 
turbine and the graph in the figure indicates how the pressure and the velocity of 
the steam change as the s'eam passes through first the stationary nozzles and 
then the moving blades. 

Note that the pressure drops and the velocity increases as the steam 
passes through the nozzles. Then as the steam passes through the moving blades 
the velocity drops but the pressure remains the same. 

The fact that the pressure does not drop across the moving blades is the 
distinguishing feature of the impulse turbine. The pressure at the inlet to the 
moving blades is the same as the pressure at the outlet from the moving blades 
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The Reaction Principle 

If the moving blades of a turbine 
are shaped in such a way that the steam 
expands and drops in pressure as it 
passes through them, then a reaction 
will be produced which gives a force to 
the blades. This reaction effect can be 
illustrated by considering a container 
filled with high pressure steam as in 
Fig. 5. 



Simple Impulse Turbine 

If there is no escape opening or 
nozzle for the steam, then the pressure 
will be the same on all walls of the con- 
tainer and the container will remain at 
rest. If, however, the container has an 
escape opening or nozzle, then steam will 
expand through the opening and drop in 
pressure. As a result there will be an 
unbalanced pressure on the wall opposite to 
the opening and a reaction force R will 
be produced causing the container to move. 





Reaction Effect 



i 
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Pure Reaction Turbine 
Fig. 6 



Fig. 6 shows a diagram of this principle applied to a turbine d 



rive. 



A reaction turbine has rows of fixed blades alternating with rows of 
moving blades. The steam expands first in the stationary or fixed blades where it 
gains some velocity as it drops in pressure. It then enters the moving blades 
where its direction of flow is changed thus producing an impulse force on the mov- 
ing blades. In addition, however, the steam upon passing through the moving 
blades, again expands and further drops in pressure giving a reaction force to the 
blades. 



c 



This sequence is repeated as the steam passes through additional 
of fixed and moving blades. 



rows 



Fig. 7 shows the blade arrangement and the pressure and velocity change 
of the steam in a reaction turbine. 



es 



Note that the steam pressure drops across both the fixed and the moving 
blades while the absolute velocity rises in the fixed blades and drops in the moving 
blades. * 



The distinguishing feature of the reaction turbine is the fact that the 
pressure does drop across the moving blades. In other words there is a pressure 
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Simple Reaction Turbine 
Fig, 7 

difference between the inlet to the moving blades and the outlet from the moving 
blades. 

Special Aspects of Reaction Turbines 

1. There is a difference in pressure across the moving blades. 
The steam will therefore tend to leak around the periphery of the 
blades instead of passing through them. Blade clearances therefore 
must be kept to a minimum. 

2. Also, due to pressure drop across the moving blades, an unbalanced 
thrust will be developed upon the rotor and some arrangement must 
be made to balance this. 
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Impulse Turbine Stag ing 



In order for the steam to nive un nil it, 
m» i • . iu h ivL up an its kinetic energy to the movlmr 

Hiiin ' n ,r ,mPUlSt ' tUrWnii ' " Sh0Uld leave lhe bla °- «t ,.e™ velocity TM. con 
T l " blade Vel ° Cily is «"»" 10 «• °f 'he steam yeioc ty 

800,1 uffieiency lhe " ladc veloe »* - ™,e 

ri3rr; s rr:f rev/min of ihe - «^» 

hf,h f • r aC . ,diti0n l ° ° bjection ' ^cessively high steam velocity will cause 
high friction losses in no/.zles and blading. veiocuy will cause 

n.ethds ^tulT" 00 St0am Vel0C " y Wade Wi0t "^ «» f ~ * 

1. Pressure compounding, 

2. Velocity compounding, 

3. Pressure-velocity compounding. 

J « Pressure Compounding 

The expansion of steam from boiler pressure to exhaust pressure is 
carried out in a number of steps or stages. Each stage has a set I „ ( | 
a row of moving blades. The rows of moving blades are separa tJfrZ e^h 
other by partitions or diaphragms into which the nobles are se A ! 
tion of the velocity available is developed in each set 1,1 " ^ 

is kept down to a reasonable amount. ' lhl ' Wade VC ' locilV 

This type of compounding is known as the Rateau method and the no,, I,, 
and blade arrangement for a pressure compounded impulse turbines IttXd in 

no,,,,s T ^ ~ * 
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Pressure Compounded Impulse Turbine 
Fig, 8 



IN i,IN MOVING BLADCS 
I 1 STATIONARY »' 

■USJi VELOCITY OF 




Velocity Compounded Impulse Turbine 



2. Velocity Compounding 

This design consists of one set of nozzles in which the steam is expanded 
from initial to exhaust pressure. The velocity of the steam resulting from this 
expansion is absorbed in two or more rows of moving blades. Rows of fixed or 
guide blades, attached to the casing, are set between the rows of moving blades 
and receive and redirect the steam to the next row of moving blades. As the 
velocity is absorbed in more than one row of moving blades, the blade speed is 
less than if the velocity was all absorbed in one row of blades. 

This type of compounding is known as the Curtis method and the blade 
and nozzle arrangement lor a velocity compounded impulse turbine is shown in 

Fig. 9. 
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1 he pressure drops from inlet pressure to exhaust pressure in the single 

duL°s Hah ? 38 the , Pressure 8 ra P h shows - Thi * large single pressure drop pro- 
duces high steam velocity which is absorbed in the two rows of moving blades 
Note that there is no pressure or velocity drop in the fixed guide blades. 

3 « Pressure-V elocity Com pounding 

This is a combination of the first two methods of compounding, namely 
pressure compounding and velocity compounding. * 

The steam is expanded in two or more sets of nozzles in series, each 
nozzles^ ^ C ° mp0unded blades t0 receive the stea ™ issuing from the 



IN NOZZLE 



The arrangement shown in 
Fig. 9(a) features two sets of nozzles. 
The steam pressure drops in each set 
of nozzles and the resulting velocity in- 
crease in each case is absorbed by two 
rows of moving blades having a row of 
stationary blades between them. 

The methods of reducing rotor 
speeds, namely, pressure compounding, 
velocity compounding, and pressure- 
velocity compounding have all applied to 
impulse turbines. 

In the case of the reaction tur- 
bine, it is not necessary to make special 
blade arrangements to reduce rotor 
speed. This is because the pressure 
drops across each row of moving blades 
as well as across each row of fixed 
blades and consequently the pressure 
drops in even stages and small amounts 
all through the machine. This requires, 
however, a large number of alternate 
rows of fixed and moving blades re- 
sulting in a long machine. Therefore, 
in order to reduce the number of blade 
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Pressure-Velocity Compounded Impulse 
Turbine 

Fig, 9(a) 



XeTt?" 7 1 reaCti ° n tUrbinC>S frec « uent| y ha v« a velocity compounded impulse 
stage at the inlet end of the machine. 
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T Y PES OF TURBINES 



Condensing Turbines 

With the condensing turbine the steam exhausts to the condenser and the 
latent heat of the steam is transferred to the cooling water. The condensed steam 
is returned to the boiler as feedwater. 

Condensing-Bleeder Turbines 

The condensing-bleeder turbine reduces the condenser losses as steam 
is bled off at several points of the turbine. The bleed-steam is used for feedwater 
heating; up to 20% of the total steam flow may be bled off. 

Rank-Pressure Turbines 

Hack-pressure turbines are often used in industrial plants, the turbine 
acts as a reducing station between boiler and process steam header. The process 
steam pressure is kept constant and the generator output depends on the demand 
for process steam. 

The back-pressure turbine may also have bleed points and is then called 
a back-pressure-bleeder-turbine. 




Ext raction Turbines 



Extraction turbines are turbines where steam is extracted at one or more 
points at constant pressure. 

Extraction turbines may be single or double-extraction-condensing tur- 
bines or slngle-or double -extraction back-pressure turbines. The extraction 
turbines /nay, besides extraction points, have bleed points for feedwater heating. 

Topping Turbines 

Topping turbines have been used when old boilers are replaced with new 
high pressure boilers. The turbine is a back -pressure turbine exhausting to the 
old boiler header still supplying steam to the old lower pressure turbines. 

Mixed Pressure Turbines 

Mixed pressure turbines are used where excess steam from process is 
available for the low pressure part of the turbine, while steam at boiler pressure 
may be added to the high pressure part of the turbine when more load is applied 
to the turbine. 
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Cross Compound Turbines 

Cross compound turbines are large turbines with parallel shafts with a 
generator on each shaft. The steam flows through the high pressure turbine, then 
is crossed-over to the low pressure turbine. ( Figs. 10 and 11 ) 

Tandem Compound Turbines 

Tandem compound turbines are large turbines consisting of two or more 
turbines in series coupled together as one shaft and applied to one generator. 





CROSS COMPOUNO TURBINE 



CROSS— COMPOUND TURBINE: 
WITH DOUBLE-FLOW LOW* 
PRESSURE TURBINE 




TANDEM'COM POUND TURBINE 



Fig. 10 



Fig. 11 



Fig. 12 



TURBINE PARTS 
Turbine Casings 

Casings or cylinders arc of the horizontal split type. This is not ideal as 
the heavy flanges of the joints are slow to follow the temperature changes of the 
cylinder walls. But for assembling and inspection purposes there is no other 
solution. 

The casings are heavy in order to withstand the high pressures and tem- 
peratures. It is general practice to let the thickness of walls and flanges deerease 
from inlet- to exhaust-end. 

Large casings for low-pressure turbines are of welded plate construction, 

I o 8 ,«?!? r L,Pi CaSingS ° f CaSt ir ° n ' Which may be used for temperatures 
up to 230 C. Casings for intermediate pressures are generally of cast carbon 

steel able to withstand up to 425° C. The high temperature high-pressure casings 

for temperatures exceeding 550° C are of cast alloy steel such as 3 Cr IMo 

(3V Chromium » ]% Molybdenum. ) 
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The reason for using different casing materials is that materials at the 
given maximum temperatures and under constant pressure continue to deform 
with very slowly increasing strain of the material; this phenomenon is called 
" Creep 

The casing joints are made steam tight, without the use of gaskets, by 
matching the flange faces very exactly and very smoothly. The bolt holes in the 
flanges are drilled for smoothly fitting bolts, but dowel pins are often added to 
secure exact alignment of the flange joint. The assembled casing is then machined 
off inside on a boring-mill, where grooves are made for the diaphragms ( for 
impulse turbines ) or for the stationary blades ( reaction turbines ). Borings are 
also made for shaft seals and in many cases for the bearings also. 
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For high pressures the 
flanges of the casings must be 
very heavy and will heat up much 
slower than the casing walls. 
Flange heating, by steam through 
machined channels between the 
flanges or holes drilled axially 
through the upper and lower 
flanges, is often applied, 
( Fig. 13). 



Double casings are used 
for very high steam pressures. 
( Figs. 15 and 16 ) The high 
pressure is applied to the inner 
casing, which is open at the 
exhaust end, letting the turbine 
exhaust to the outer casings; 
the pressure is divided between 
the casings, and most important t 
the temperature is also divided 
and thermal stresses on casings 
and flanges are greatly reduced. 
Radiation losses are also decreased. 
The inner casing may be assembled 
with shrink rings giving an ideal 
casing without flanges ( Figs. 17 and 18 ). 
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Fig. 18. — Flango warming 
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Fig. 13 
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Cross-section through a valve 
casing with four valves and the 
wheel -chamber of an industrial 
turbine. 

Fig. 14 





Cross-section through Double-shell Hp Turbine 
Fig. 15 Fig, 16 
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Turbine Hotors 



turbine. 



The design of a turbine rotor depends on the operating principle of the 



Phe impulse turbine with pressure drop across the stationary blades must 
have sea s between stationary blades and the rotor. The smaller the sealing area 
the smaller the leakage; therefore the stationary blades are mounted in diaphragms 
with labyrinth seals around the shaft. This construction requires a disc rotor 
( Figs. 19 md 20 ), 



^ Equalizing 
\ ^ hole 





Solid Forged Disc Rotor 
Fig. 20 



Rotor with shrunk-on discs 
Fig. 19 



The reaction turbine has pressure drops across the moving as well as 
across the stationary blades and the use of a disc rotor would create a large axial 
thrust across each disc. The application of a drum rotor eliminates the axial 
thrust caused by the discs, but not the axial thrust caused by the differential pres- 
sure across the moving blades. 

1. Disc Rotors 

All larger disc rotors are now machined out of a solid forging of nickel- 
steel; this should give the strongest rotor and a fully balanced rotor It is rather 
expensive, as the weight of the final rotor is approximately 50% of the initial for- 
ging. ( I<ig. 20 ) Older or smaller disc rotors have shaft and discs made in 
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separate pieces with the discs shrunk on the shaft. The bore of the discs is made 
0. 1% smaller in diameter than the shaft. The discs are then heated until they 
easily are slid along the shaft and located in the correct position on the shaft and 
shaft key. A small clearance between the discs prevents thermal stress in the 
shaft. 

2, Drum Rotors 

The first reaction turbines had solid forged drum rotors. They were 
strong, generally well balanced as they were machined over the total surface. 
With the increasing size of turbines the solid rotors got too heavy and the hollow 
drum rotor was introduced. This rotor is made of two or more pieces. For good 
balance the drum must be machined both outside and inside and the drum must be 
open at one end. The second part of the rotor is the drum end cover with shaft. 
The end cover is made with a shrink fit and welded ( Fig. 21 ). 



BLADES 




Hollow Drum Rotor 
Fig, 21 

A fairly light and rigid drum rotor may be manufactured from discs 
welded together to form a drum as shown in Fig. 22. Before welding, the rotor 
is heated by induction heating, then the welding is performed with automatic weld- 
ing machines for the M Argon-arc "process, where the arc burns in an argon 
atmosphere. 

Most rotors are now made of nickel alloy-steels with elastic limits of 
around 300 x 10 6 pascals. Rotors for high outputs and high temperatures are 
generally made of chromium-nickel-molybdenum steels with elastic limits of 
( (500 - 700 ) x 10 6 pascals. 
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Brown-Boveri Welded Turbine Rotor 
Fig. 22 



Turbine Bearings 



1. Journal Bearings 



The bearings for small turbines are often self-aligning spherical ball or 
roller-bearings or they may be ring lubricated sleeve bearings with bronze or 
babbitt lining ( Figs. 23 and 24 ). 
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Babbitt-lined Journal Bearing 
Fig. 23 




Ring-oiled Sleeve 
Bearing with Radial 
Babbitt Facing 

Fig. 24 
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2. Thrust Bearings 

The main purposes of the thrust bearing are: 

1. to keep the rotor in an exact position in the casing. 

2. to absorb any axial thrust on the rotor. 

From the thrust bearing the shaft must be free to expand in either direc- 
tion, thus a shaft can have only one thrust bearing. The thrust bearing should be 
located at the steam inlet, where the b'* ie clearances are most critical. When 
shafts of a tandem compound turbine are joined together with solid couplings, only 
one thrust bearing can be applied. If flexible couplings take up the axial expansion, 
each shaft must have a thrust bearing ( Fig. 25 ). 




w 

Journal Bearing with Kingsbury Thrust Bearing 

Fig. 25 

The axial thrust is very small lor impulse turbines as the pressure is 
equal aeross the rotor discs ensured by equalizing holes in the discs. A simple 
thrust bearing such as a ball bearing for small turbines and radial babbitt facing 
on journal bearings for larger turbines is very common ( Fig. 24 ). 

The pressure drop across the moving blades of reaction turbines creates 
a heavy axial thrust in the direction of steam flow through the turbine and a thrust 
bearing suitable for heavy axial loading is needed. The tilting pad Kingsbury or 
Michel thrust bearings operating on the same principle as the tilting pari journal 
bearing are generally applied. The axial thrust in impulse turbines does not 
require tilting pad thrust bearings, but due to their excellent performance they 
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are the most common thrust bearing for large impulse turbines. The axial thrust 
in reaction turbines can be nearly eliminated by the use of balance or dummy 
pistons. With the correct size of a dummy piston exposed to two different bleed 
point pressures, the thrust is nearly equalized. There is a small leakage across 
the labyrinth seal of the dummy piston as steam leaks from the high to the lower 
bleed point ( Fig. 27 ) . 

The axial position of the rotor is very important and an axial position 
indicator is often applied to the thrust bearing. It may be a large dial micrometer 
with alarm setting for an axial movement of 0. 4 millimetre and shutdown at 0. 8 
millimetre. An oil pressure gage connected to an oil leak-off device may also be 
used as an axial position indicator ( Fig. 26 ). 




Thrust Collar Position Indicator 
Fit;. 26 



t 1>K:J -4 -1-20 ) 



ERIC 



r! 51 



- 21 - 




Dummy Piston and Balance Pipe 
Fig. 27 
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With the position indicator shown in Fig. 26, the oil is supplied at say 
500 kPa, flows through an orifice and leaks off through a nozzle. The pressure be- 
tween orifice and nozzle depends on the distance between the nozzle and shaft thrust 
collar; the larger the distance the lower the pressure. The pressure gage can be 
calibrated in millimetre clearance and may have alarm and shutdown settings. 

Turbine Seals 
1. Blade Seals 

The efficiency of reaction turbines depends to a large extent on the blade 
seals; radial as well as axial seals are often part of the shroud with the seal clear- 
ances kept as small as possible. As protection for the axial seals some manu- 
facturers apply an adjustable thrust bearing ( Fig. 28 ). The whole thrust block is 
cylindrical and fits like a piston in the cylinder with the whole thrust block able to be 
uxially adjusted as shown in Fig. 28. During startup the thrust block is pushed 
against a stop in the direction of exhaust for maximum seal clearances. When the 
turbine is heated up and has been on load for a short time the thrust block is pulled 
forward against a forward stop for minimum seal clearance afid maximum blade 
efficiency. 




End View Ptri S*ctto* throuoh X-X 



Thrust Adjusting dear for Reaction Turbine 

Fig. 28 
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Shaft seals must be provided in order to prevent or at least reduce steam 
leakage where the shafts extend through the casings. Also when low pressure tur- 
bines are under vacuum the seals must prevent air from leaking into the casing. 

Ordinary soft packing may be used for shaft sealing in small turbines. 
Carbon rings ( Fig, 29 are also very common for small turbines. The carbon 
ring is made up of three segments butting together tightly under the pressure of a 
garter spring. The ring has a few hundreds of a millimetre clearance around the 
shaft and is prevented from turning by a 
locking pin. The ring has a slight side 
clearance in the housing allowing it to 
move freely in radial directions. Carbon 
rings are self-lubricating but have a 
tendency to corrode the shaft when the 
turbine is shut down. The presence of 
moisture accelerates the corrosion. 
The carbon rings are from 10 to 25 milli- 
metres wide and may cause heating when 
they ride on the shaft. They are, for that 
reason, limited to shafts less than 150 
millimetres in diameter. For larger 
diameter shafts where the surface speed 
is high, labyrinth seals are applied. The 
labyrinth seal consists of a number of rings 
1-2 millimetres thick fixed to the shaft, 
tapered at the outer periphery to nearly 
knife-sharp with a clearance to the casing 
of a few hundreds of a millimetre. The 
rings are of brass or stainless steel, the 
sharp edge gives better sealing and rubs 
off easily without excessive heating in 
case of a slightly eccentric shaft. Some 
la;yrinth seals are very simple, others 
are complicated. ( Figs. 30, 31 and 33 ) 

Carbon Ring Seal 
Fig, 29 




(a) 
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Water Scaled Gland 



^K- 32 Diaphragm with Spring I 

Loaded Laybrinth Seal I 

Fig. 33 I 
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High pressure turbines operating at 12 000 to 15 000 kPa eause a sealing 
problem, as a straight labyrinth seal for that pressure would be extremely long 
or have lots of steam leaking through. The problem is solved by a series of 
steam pockets between sets of labyrinth seals. The high pressure steam leaks 
through 100 - 200 millimetres of labyrinth seal into the first pocket, which is con- 
nected to the II. I* exhaust, thus any steam leaking through the seal is used in the 
I. P. Turbine. After the first pocket the steam leaks through the second seal 75 - 
150 millimetres long and into the second pocket connected to an H. P. feedwater 
heater. Then steam leaks through the third labyrinth seal to the third pocket con- 
nected to the I. P. exhaust. The steam then leaks through the fourth seal into the 
fourth pocket, which is connected to the L. P. shaft seals supplying them with seal- 
ing steam. On the steam line between pocket number 4 and the L. P. seals are 
two connections with pressure control valves. One is a spill-over valve to the 
condenser, which will open to the condenser if the gland steam exceeds the set 
point of a few centimetres of water above atmospheric pressure. The other con- 
nection has a control valve to supply gland steam when the pressure decreases to 
near atmospheric pressure. This valve operates during start-ups and low loads. 

Neither the carbon nor the labyrinth shaft seals prevent all leakage. If 
a positive or leak-proof seal is needed, a water seal may be installed. The water 
seal consists of an impeller on the turbine shaft which rotates in a waterfilled 
f casing and water thrown out from the impeller forms a leak -proof water barrier 

V ( Tig. 32 ). Water seals are mainly applied to L. P. glands to guard against air 

leakage, but they may also be applied as the final seal for H.P. and I. P. glands. 

The water seal cannot operate properly at low speed and gland steam 
must be applied for sealing during start-up until the turbine speed is approximately . 
2000 rev/min. Water seals are supplied with clean cool condensate from the 
extraction pump. It may be supplied directly or via a head tank with automatic 
level control, 

The dfaphragms of impulse turbines have labyrinth seals at the shaft. 
These seals arc marie of brass of stainless steel and are in six segments, each 
segment is springloaded and kept against a stop allowing a very small clearance 
between seal and shaft. In case of a bent shaft, the shaft may push the segment 
back against the spring pressure, preventing serious damage to shaft or seal 
( FiK. 33 ) 
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Turbine Couplings 

The purpose of couplings is to transmit power from the prime mover to 
the driven piece of machinery. For heavy loads the solid flange coupling is used 
( Fig. 34 ). The flanges are generally integral parts of the shafts, but they may 
be separate parts for smaller turbines. In this case each coupling part has a 
tapered bore and keyway to fit the tapered end of the shaft. Following the taper 
the shaft has a large thread allowing the coupling to be secured tightly with a large 
nut. 

The friction between the coupling halves and the shear force of the bolts 
transmits the power. For maximum shear stress the bolts must be fitted ( i.e. 
they must fit in the holes without clearance at the shear point as shown in Fig. 34. 
The coupling bolts should be undercut, that is machined off to a diameter slightly 
less than the bottom diameter of the thread to avoid any strain on the thread. 

In some cases the couplings must compensate for axial expansion and 
contraction of the rotors and in this case a flexible coupling is applied ( Fig. 35 ). 
The outer half has internal gears, while the inner part has matching external 
gears. The coupling works like the spline on a driveshaft for a car. 

The couplings for very large shafts will need a large diameter if the 
bolts are used to transmit the power. The bolts can be much smaller if they are 
not allowed to transmit power. In the coupling in Fig. 36 shear pins carry the 
load. The area exposed to shear is the shear pin diameter x length x number of 
shear pins. This design allows the shear pins to be located at a large radius 
from the shaft centre. The coupling bolts are not fitted as they are exposed to 
tensile stress only. 

Turbine Blades 

The efficiency of the turbine depends more than anything else on the 
design of I ho turbine blades. The impulse blades must be designed to convert the 
kinetic: energy of the steam into mechanical energy. The same goes for the re- 
action blades which furthermore must convert heat energy to kinetic energy. The 
later years' increase in blade efficiency is due to increased aerodynamic shape 
calculated by computers and the milling of blades on automatic milling machines. 
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FITTED COUPLING BOLT 
Solid Flange Coupling with Fitted Bolts 
Fig. 34 
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It is not always possible to give the blades the theoretically best profile, 
as several other considerations must be taken. The blade must be made strong 
enough to withstand high temperatures and stresses from heavy, often pulsating 
steam loads. There is also the stress due to centrifugal force ( for large L. P. 
blades the centrifugal force on a single blade may exceed 200 tonnes ) . Vibrations 
and resonant vibrations in particular must be taken into account and finally there 
is erosion and corrosion. 



The material that comes closest to the ideal for all mentioned consider- 
ations is a chromium-nickel steel, for instance 17 Cr'13 Ni - steel. 

Stationary Blades and Nozzles 

The first set of nozzles for an impulse turbine is the control set and is 
divided into three to six sections with each section having a steam control valve. 
For smaller turbines ail sections may be located in the upper half of the casing, 
while the sections for larger turbines cover the entire circumference. All stages 
following the control stage have the nozzles located in diaphragms ( Fig. 37 ). Th< 
diaphragms are in halves and fitted into grooves in the casing. Locking pieces 
in the upper part of the casing prevent the diaphragm from turning. All modern 
diaphragms are of an all-welded construction. 
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Disc -type Rotor 
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The stationary blades in reaction turbines are fitted into grooves in the 
casing halves; keys as shown ( Fig. 38 and Fig. 39) lock the blades in place In 
some cases the blades have keys or serrations on one side of the root and a calk- 
ing strip on the other side of the root is used to tighten the blades solidly in the 
grooves. The blades are often supplied with a shroud band with radial and /or 
axial sealing strips to minimize leakage losses. 

The stationary blades for a Curtis wheel are attached to the casings as 
are the stationary blades for reaction turbines 



C 






Drum-type rotor with tip-sealed blades 
Fig- 38 




Drum-type rotor with shrouded blades 



Fig. 3d 
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Barring Gears 

■ j. .. . , ., nni |ctiU the weight of the rotor will 
When a turb.no .8 left col, and a ' 1 t J turblne „ stiU hot , 

tend lo bend the rotor slightly. If left at «™ * ni fc rotQr wU , 

the .ower half of the rotor will eool ol * , „ cu t if llot impo88lble 

bend upwards » hog ". In both eases the turbine Id be P 
to start up. To overcome the problem he nonub.a ir £j» which 
bines with a turning or barring gear con,.* ting ol an 

several sets ol reducing gears turns .he «urt> e sha ft at to P 4 0 and 

turning gears turned the shaft at at low speed-, the sante 

up to GO rev/nun us proper lubrication i* dillicuu „i Prtric or 

goes for the hydrogen seals of generator.. Some turning ge ars c ectric or 
hydraulic, turn the shaft 180° at set times over a period of 24 hours. 

i . . ^ . Iin should be on the barring gear for 

Before a cold turbine is started up U siioum 

i , * .... , is s i m t down it should be barring for 

approximately three hours. When a uibuu is ah* 

the next. 24 hours. If a hydrogen cooled ^ ^ AU barrln , RettrB 
be kept on barring gear to prevent exeessnc lo - * * engage ment limit 
are interlocked with a lubricating oil pressuie swiun 
switch operated by the engagement handle ( Kig. 40 unci MR. 41 ). 

C 
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Electric Turning Ciear 

•., u . -u „rc lieiierallv equipped with a jacking 

Large turbines with heavy rotors in c H" 1 •» . . 

,. . , I f ,u„ hiMii inus with o l at approximately 

oil pump, supplying the lower part of the bulling* > n 
10 ()()() kPa, thereby lilting the shaft and supplying lubricating on. 
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The jacking oil is applied before start-up of the turning gears and for 
slow rev/min the oil is left on, but for high rev/min ( 50 - 60 rev/min ) it is 
generally shut down as soon as the turning gear is up to speed. 




Hydraulic Turning Gear 
Fig, 41 
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STEAM TURBINE GOVERNING 



Nozzle Governing 



With nozzle governing a series of nozzle valves open in sequence as the 
load increases. This type of governing is most efficient and is used for impulse 
turbines ( Fig. 42 ). 
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Throttle Governing 

With throttle governing a single large control valve controls the load from 
0% to 100%. For large turbines two control valves operating in parallel replace a 
large single valve. 

When steam is throttled, the superheat increases and the turbine exhaust 
steam is drier, reducing the turbine blade erosion, but with the drier steam 
entering the condenser, the condenser losses increase. Throttling of steam 
through a valve is an isenthalpic ( constant enthalpy ) process and no heat is lost. 
The so-called throttling losses occur in the condenser. 

By -pass Governing or Overload Governing 

This system is used on impulse as well as reaction turbines. An extra 
set of control valves admit steam to the space behind the Curtis wheel or for a 
reaction turbine to an annular space behind the first « - 12 stages. By-passing 
part of the turbine increases the turbine capacity ( overloads the turbine ) but at 
a reduced efficiency. The by-pass valves are smaller than the regular governor 
valves, as too much by-pass steam may starve the by-passed stages rotating in 
steam at very high density and the blades may overheat. 

Turbine Governors 



The two general types of governors used are the speed sensitive gover- 
nor and the pressure sensitive governor. Speed sensitive governors are applied 
to all kinds of turbines. 

Pressure sensitive governors are applied to back pressure and extraction 
turbines in connection with the speed sensitive governor. 

1 . Speed Governing 

The frequency of GO II/, is used as the set point or balance between supply 
and demand of an electric network. Any over supply of energy will increase the 
frequency and an under supply will decrease the frequency. The supply must at 
any time be equal to the demand in order to keep the frequency at exactly 60 Hz. 

The speed governor is a proportional-action controller, each change in 
power causes a change in the turbine speed. The governor controls the opening of 
the? control valves as a function of this speed change. On account of the governor 
speed drooj), the frequency is not constant over the full range of load without 



( PKM-4-1-3SJ ) 



( 



er|c 



6J 



- 34 - 



The flyballs operate the piston in the governor relay, and thereby controls 
the leak -off at the right end of the piston. 

Assuming the turbine speed increases, the flyballs move outwards and 
move the relay piston to the right, increasing the leak-off and lowering the pilot 
oil pressure causing the piston in pilot cylinder H to move downwards. As the 
piston in cylinder J is stationary, the pilot piston in H will via the linkage move 
control piston K downwards, opening the oil drain for cylinder J and the piston in 
J moves downwards, but in doing so the control piston K will be moved upwards 
as the piston in H is stationary. When K comes back to the neutral position, oil 
can no longer drain out from J and the governor valve has taken up the position 
corresponding to the pilot oil pressure. 

Turning the handwheel L clockwise will move the relay bushing to the 
right, decrease the leak-off, increase the pilot oil pressure for further opening 
of the governor valve and increasing the load. Turning. L counterclockwise will 
reduce the turbine load. 

For smaller turbines the pilot oil may be applied directly to cylinder J 
and K and 11 are omitted. The valve F is locked in a set position, but if F is 
opened up more, the increased oil-flow in the pilot oil system makes the system 
less sensitive, i.e. , the speed droop is increased; closing in on F decreases the 
speed droop. 

It has been pointed out that nozzle governing is more efficient than 
throttle governing and that is one of the reasons for using a velocity compounded 
impulse wheel as control stage for an impulse reaction turbine. The second 
reason is that at high pressure the leakage losses around the reaction blades is 
excessive. Somewhere in one of the boiler lectures it was pointed out how a few 
extra kJ per kg steam could increase the pressure. When we expand the steam 
through the turbine we find that at the high pressure a few kJ per kg steam require 
a large pressure drop. For instance an adiabatic expansion of steam at 12 000 kPa 
and 500° C to 7000 kPa releases 170 kj/kg, but the same type of expansion from 
40 kPa to 10 kPa also releases 170 kJ/kg, and that is the second reason for the 
combination of Curtis-Parsons. 

Overspeed Trip 

The high rotational speed of steam turbines creates large centrifugal 
forces, as these forces increase with the square of the speed. Therefore an 
absolute reliable overspeed protection must be provided. 



( pk:i-4-i-:m ) 



ERIC 



64 



- 33 - 



external adjustment, Governor speed droop is the percent change in speed re- 
quired for a load change equal to the rated capacity of the turbine. It is the same 
as % proportional band for controllers. 

The speed sensitive governor may be: 
a ) Mechanical 
b ) Mechanical-hydraulic 
) Electro-hydraulic 

A turbine manufacturer may use all three types depending on the size of 
the turbine; he may furthermore use several systems for each type. It is there- 
fore impossible to describe more than a single example, such as the standard 
mechanical-hydraulic system applied to most Parsons turbines ( Fig. 43 ). 











mw///M/X. 







AUXILIARY Oil. 

PUMP Diagram showing Arrangement of Governor System 

Fig, 43 

Power oil at approximately 500 kPa is supplied from pump A, through 
overspeed relay B up to speed droop setting valve F f to main stop valve oil 
cylinder C and up to control valve K. The oil downstream of F is pilot oil 
( 100 - 400 kPa ) up to governor relay G and up to pilot cylinder H. 
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The overspeed trip in Fig. 44 is mechanical-hydraulic and shows clearly 
the operating principle of all overspeed trips for turbines with hydraulic governor 
systems. The springloaded tripping bolt located in the turbine shaft has the centre 
of gravity slightly off the centre of the shaft in direction of the bolt head. The nut 
at the end of the bolt provides a stop for the bolt in tripped position and for the 
tripping speed adjustment. During normal operation the main spring holds the 
relay rod against the tripping lever; piston A has closed the oil drain and H. p, 
oil passes between pistons A and B to the stop valve. 



OiLTO STOP VALVE 
TRIP CYLINDER 



Oil- DRAIN 




HAND TRIP LEVER 

SWING 
UPRIGHT 
TO TRIP\ 



TRIPPING LEVER 
SPRING LOADED TRIPPING BOLT 

Fig. 44 



/ 

TURBINE SHAFT 



TRIPPED 



NORMAL BOLT PATH 



When turbine speed increases to the trip setting, usually 110% of opera- 
ting speed, the centrifugal force overcomes the bolt spring, the bolt moves to the 
tripping position, strikes the tripping lever, unlatching the relay rod and the main 
spring moves the relay to the tripped position in which piston A opens the stop 
valve oil-port to drain, while piston B closes off the H. P. oil inlet port. 

For all hydraulic systems the overspeed trip closes off for H. P. oil 
and opens the stop valve oil cylinder to drain allowing the valve to close under 
spring force. 
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- QUESTION SHEET - 



PO WER ENGINEERING 

Third Class 

Section 4, Lect. 1 

1. Make a blade sketch and the steam pressure and velocity graphs 
for an impulse turbine with one Curtis and two Rateau stages. 

2. Explain the following terms and list their advantages and 
disadvantages: 

a) Nozzle governing 

b ) Throttle governing 
c ) By-pass governing 

3. a ) Explain the working principle of a Kingsbury thrust bearing. 

b ) Explain the op'.r ing principle of an oil pressure thrust 
bearing positi i ndicator. 

4. The formula for centrifugal force is m * v " 

r 

where m = mass in kg, V = velocity in metre/s 
of the centre of gravity of blade 

r - radius to centre of gravity of blade 

Using above formula find the centrifugal force in kilonewtons of a tur 
bine blade having a mass of 4.* u g and rotating at 3600 rev/min wher 
r = 1.5 metres. 

5. Sketch and describe an overspeed tripping device. 

6. Compare a back-pressure turbine and an extraction-condensing 
turbine and list their advantages and disadvantages. 

7. What is the purpose of a dummy piston and what factors enter 
into its design? 

H. Sketch a solid flange coupling and explain where it would be used. 
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STEAM TURBINES — COMPONENTS 



Goal: 



The apprentice will be able to 
describe the major components 
of a steam turbine. 



LIS 



Performance Indicators: 



1. Describe casings, rotors, 
blading and casing drains. 



2. Describe 
governors 
valves. 



packing glands, 
and extraction 



3. Describe speed reduction 
gears, flexible couplings, 
and turning gears. 

4. Describe lubricating systems, 
thrust bearings, ring-oiled 
bearings and pressure-fed 
bearings. 
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"Study Guide 




* Read the goal and performance indicators to find what is to be learned from 
package . 

* Read the vocabulary list to find new words that will be used in package. 

* Read the introduction and information sheets. 

* Complete the job sheet. 

* Complete self -assessment. 

* Complete post-assessment. 
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Vocabulary 





* Balance pipe 

* Blading 

* Carbon ring seal 

* Casings 

* Diaphragm 

* Direct connected governor 

* Disc rotor 

* Dummy piston 

* Emergency trip 

* End tightening 

* Extraction turbine 

* Flexible couplings 

* Flyweight governor 

* Grid type extraction valve 

* Hollow drum rotor 

* Hydraulic governor 

* Impulse blading 

* Indirect connected governor 

* Labyrinth seal 

* Lubricating systems 

* Main governor 

* Mechanical governor 

* Cil circulating system 

* Overspeed governor 

* Packing gland 

* Pressure fed bearings 

* Pressure governor 

* Reaction blading 

* Ring-oiled bearings 

* Shroud 

* Solid drum rotor 

* Solid forged rotor 

* Speed governor 

* Speed reduction gears 

* Tang 

* Thrust bearings 

* Turning gears 

* Water seal 

* Welded rotor 




'introduction 




A turbine consists of many components and systems for converting steam into 
mechanical energy. An apprentice must understand how these components function 
and interact with each other to produce power. 

This package provides an explanation of the basic components and systems. With 
basic understanding of the turbine, the apprentice will have the framework for 
learning the technical aspects of turbine operation. The technical details of 
turbines are too complex to be mastered in a learning package. A package can be 
a starting point. Experience will bring technical competence with steam 
turbines. 
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Information 




Casings 

Turbine casings are of simple construction. They are divided horizontally so 
that one section can be removed for inspection of the turbine. The casing 
joints an aachined smooth to make a close joint. High tensile bolts are used 
to fasten the two sections of casing together in high pressure casings, A hole 
has been drilled the length of the bolts to allow ):or the insertion of carbon 
heating rods. Heating rods are used so that proper tensioning of the bolts can 
be made when the bolts are tightened. High pressure casings are made of cast 
steel. 

Low pressure casings are made of cast iron or fabricated steel. The exhaust 
chambers are braced with plates or stays to avoid distortion of the casing. 

A bolted high pressure casing is shown below. 




Rotors 

The hollow drum rotor is forged in two pieces. One piece includes the steam 
inlet and drum. The other piece is the exhaust end shaft and disc. After 
aachining, the drum is shrunk into the exhaust end disc forcing and secured by 
bolts. Tine hollow drum rotor is limited to small sizes because it is 
susceptible to stresses. A solid drum is forjsd as a solid piece. It is useful 
in large output reaction turbines. 
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Information 




Disc rotors are made up of discs or wheels which have been forged separately and 
keyed to a central shaft. The outer rims of the discs are grooved for blades to 
be attached* A disc type rotor for a low pressure cylinder is shown in the 
picture below. 

WHEELS 'BLADES 



*HAF» 




Solid forced rotors have wheels and shafts machined from one piece of metal. 
Their* single piece construction avoids problems of loose wheels. Machined 
grooves allow blading of the wheels. 



Grooves for Blade Fixing 




Welded Rotors 

Welded rotors are nade by welding metal discs onto two shaft ends. The discs 
are then welded together and blading grooves are machined into the outer 
surfaces. A welded disc is shown on the next oage. 
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Information 





Ducuny Pistons 

Dummy pistons are machined out of the rotor forging at the steam in*et end. The 
purpose of aduramy piston is to balbance out the force caused by pressure drop as 
steam passes across each set of blades. A balance ?ipe helps to maintain the 
balance of forces obtained by a dummy piston. 




Blading 

Reaction blading gives a pressure drop across both fixed and moving blades. 
Fixed blades are fitted in grooves in the casing. Nioving blades are fitted into 
grooves in the rotor. The blades are made complete with shrouding so that 
installation is easier. The blades are serrated and fit into serrated grooves. 
They are locked in place by side locking strips. Sealing between the fixed and 
moving blades is critical for efficient operation. 2nd tightenin g is a type of 
sealing provided by controlling the clearance along the line of shaft. 
Impulse blading uses blades that are machined from a solid bar. t) tang isleft 
at the outer end for attachment of a shroud . The shroud helps to guide steam 
through the moving blades. The fixed blades of an impulse turbine has nozzles 
mounted in diaphragms . Diaphragms have two fixe^ halves attached to the casing. 
Nozzles are attached in grooves of the diaphragm. The various blade types are 
shown on the next page. 
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nformation 
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Seal 
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Rotor 



H-p Reaction Type Blading 




Impulse Type 



Separate 
Machined Nozzle 



Fixing 
Rivet 



Fixing 
Screw 



Groove in 
Diaphragm Plate 




Built-up Diaphragm 
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Information 




Cylinder Casing Drains 

Water tends to collect at the exhaust end of a turbine. Draining grooves are 
formed in the casing to allow this water to drain to the condenser. Casing 
drains keep the water within allowable levels. 

Packing Glands 

Turbines tend to leak around the shaft where it emerges from the casing. Air 
must be sealed out and stean sealed inside the casing. Small turbines use 
carbon rings that areheld in place by a wire spring. The labyrinth seal is used 
by larger units. The labyrinth seal consists of a series of rings with sharp 
projections that extend into grooves on the shaft. The projections are in close 
tolerance contact with the shaft and prevent steam from passing through them. 
Some large turbines use a water seal to prevent leakage at the shaft. A ring of 
water under pressure is maintained on the outer rin of a runner which rotates 
with the shaft. This seals the gland against leakage, A combination of carbon 
ring, labyrinth and water seals can be used to reduce leakage at the shaft 
gland. 

Governors 

Governors control the amount of stean that enters the turbine. Governing is 
usually controlled 6y two governors. One is to shut off the stean supply. This 
is called an overspeed or emergency trip governor . The second one maintains the 
turbine at a constant speed and is called the main governer . The 
fly weight governor uses weights on the spindle that revolve with the spindle. 
Centrifugal force moves the weights outward as the speed is increased. A 
mechanical linkage connects the governor weights with a valve. When the 
centrifugal force becomes great enough t the steam valve will be closed. This is 
a mechanical governor . If the flyweight governor is linked with a hydraulic 
system, it is called a hydraulic governor , A hydraulic unit is activated by the 
centrifugal force. The hydraulic system will release oil under pressure to 
operate a spring-loaded piston. The piston then operates the steam valve. 

On large turbines, a valve is used to control steam for each set of nozzles. 



These valves can be operated by bar lift mechanisms, 
individual hydraulic cylinders. 



corns or levers or by 



A mechanical overspeed governor is shown in the following drawing: 
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Information 




nut itvfiu 




A hydraulic overspeecl governor is shown ia the £ollov/in3 drawing: 



EMERGENCY OVERSPEEO GOVERNOR 

\ ■ THROTTLE 

VALVE - 




TURBINE 
SHAFT 



EMERGENCY 



HAND TRIP 
BUTTON 



VALVE i\ 
LATCH 




OIL TANK 
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A governor may be direct connected to the steam control valves through a linkage 
mechanism. In the application where the governor is linked with a hydraulic 
unit which trips the steam valves, the unit is an indirect connected sovernor . 
All governors consist of three parts: 

1. Governor speed sensitive element which is usually flyweight. 

2. Linkage which transmits action of the governor to steam control valves. 

3. Steam control valves. 



Extraction Turbines 



Extraction turbines requires a governor that will control the flow of steam 
beyond the extraction point. Steam must be extracted and yet leave a flow that 
satisfies stean requirements beyond that point. A grid type extraction valve 
is made up of a disc that revolves on a grid. Each have ports for stea?. to pass 
through. If the ports coincide, a full flow of steam passes through. Partially 
matched ports allow only a portion of the steam to move by the extraction point. 
This allows steam to be extracted and still maintain pressure to other parts of 
the turbine. A grid type extraction valve is shown in this drawing. 



,ro mssuftc Govern** 

4KRATINO PISTON 



VALV1 
OHIO 




The pilot valve is operated by the pressure governor to control the stea/n to the 
piston. The piston action rotates the extraction grid. A speed governor is 
linked with the pressure governor so that the turbine speed is not changed by 
steani extraction. 



11 



ERIC 



INSTRUCTIONAL LEARNING SYSTEMS 



Information 




Speed Reduction Gears 

Often the speed of the turbine is too great for the speed of the Machine to be 
driven. Speed reduction gears are used to slow the speed of the turbine. The 
gear sets are housed in casings and connected to the turbine and unit to be 
driven by flexible couplings. 

Flexible Couplings 

Flexible and claw-type couplings are used to connect the turbine with generators 
and other driven units. 

SLEEVE 




OIL-SUP 
NOZZLE 



•OIL OUTLET 



Yr FT 14 OIL SUPPLY 




GENERATOR 
ROTOR 



COUPLING JAWS 



TURBINE SHAFT 
TURNING GEAR 



Flexible Coupling 



CHw Type Coupling 



Turning Gears 

Turning gears are us< '1 to keep the shaft turning after the turbine is shut down. 
The turning gear is needed to allow the shaft to cool evenly between bearings 
and avoid distortion from high operating temperatures. It consists of an 
electric motor and a reduction gear that remains disengaged when not in use. 
The turning gear is disengaged or engaged with the turbine shaft by use of a 
yoke and worm gear arrangement. 

Lubricating Systems 

Large turbines have oil circulating systems tnat lubricate bearings, governor 
mechanisms and generator Gearings, i'iedium size turbines use ring-oiled bearings 
and an oil circulating system. Snail tur Dines are provided with ring-oiled 
bearings with some hand oiling of moving parts. 
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Information 




T hrust Bearings 

Thrust bearings are needed to control axial thrust and maintain position of the 
moving parts in relation to the stationary parts of the rotor. 

Ring-oiled Bearings 

The ring-oiled bearing rides free on the rotating journal of the turbine. As 
the journal rotates, the ring dips into an oil reservoir and carries oil up to 
the shaft. Grooves in the bearings channel oil to the bearings. 

Pressure-fed Bearings 

The two main bearings of a turbine require a high level of oil to lubricate and 
control friction. The oil serves as a cooling agent as well as a lubricant for 
main bearings. To insure an adequate oil supply to the main bearings, a 
circulating pump is used to deliver oil to the bearings. 



Oil Circulating Systems 

In an oil circulating system, oil is delivered at full pump pressure to the 
governing mechanism. The oil is reduced in pressure and flows to another header 
that supplies the bearings and other working parts. Oil then returns to the oil 
reservoir for recycling through the lubrication system. 




INSTRUCTIONAL LEARNING SYSTEMS 



Read pages 9-37 in supplementary reference. 
Complete the job sheet. 

Complete the self-assessment and check your answers with answer sheet. 
Complete the post-assessment and ask the instructor to check your answers 
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luSPECT A STEAM TURBINE AND IDENTIFY ITS COMPONENT 

* Locate a steam turbine at your job site or other location. 

* Carefully 'inspect the turbine and identify its working components, 

* Determine (if possible) 

- How the casing is opened for inspection and location of heating holes 
casing bolts. 

- Type of rotor 

- Type of blading 

- Location of casing drains 

- Type of seals in packing glands 

- Type of governoring mechanism 

- Type of turbine (condensing, non-condensing, extraction) 

- If the unit have a speed reduction mechanism 

- How turbine is connected to generator 

- If unit has turning gears 

- Type of lubricating system 

* Ask a journeyman to explain components that are encased in housings or not 
obvious from your inspection. 
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INSTRUCTIONAL LEARNING SYSTEMS 



.Self 

Assessment 




1. High pressure turbine casings are made of 



2. 



rotors are formed by welding metal discs onto two shaft 



ends. 



3. 



fixed and moving blades. 



blading of a rotor gives a pressure across both 



4. The clearance along the line of shaft can be controlled by a type of sealing 
called * 



5. A tang is left at the end of a blade so that the 
attached. 



can be 



6. List three types of seals used in packing glands. 



7. A governor that shuts off the steam supply is 



governor . 



8, A governor that maintains the turbine at a constant speed is the 
governor. 



9. A governor that utilizes a hydraulic unit to trip the steam control valve 
is called a governor. 



10. 



bearings are Ubed to control axial thrust of the 



moving parts of a turbine. 



16 



ERLC 



INSTRUCTIONAL LEARNING SYSTEMS 



Self Assessment 
Answers 




1. Cast steel 

2. Welded 

3. Reaction 

4. End tightening 

5. Shroud 

6. Carbon rings, labyrinth seal, water seal 

7. Overspeed or emergency trip governor 

8. Main governor 

9. Hydraulic 
10. Thrust 
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J'ost 

Assessment 





1. 

2. 
3. 

4. 




6. 
7. 
8. 
9. 
10. 



What type of lubricating system is used on large turbines? 

What type of lubricating system is used on small turbines? 

List two types of couplings for linking turbines with 3enerators and other 
acessories? 

Turbine speeds can be slowed to the speed of driven machines by the use 
of gears. 

List a common type of extraction valve for governing extraction turbines. 

Which type of governor is used to maintain a constant turbine speed? 

Which type of governor is used to shut off the steam supply of a turbine? 

What is the purpose of cylinder casing drains? 

What is the purpose of the tang on a blade? 

* 

What is the purpose of a dummy piston? 




18 



ERIC 



85 



INSTRUCTIONAL LEARNING SYS I bMS 



Instructor 
Vost Assessment 
Answers 
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1. Oil circulating system 

2. Ring-oiled bearings and hand oiling of moving parts 

3. Flexible and claw type couplings 

4. Speed reduction gears 

5. Grid type 

6. Main governor 

7. Overspeed or emergency trip governor 

8. Drain water that collects at the exhaust end of the casing 
l j. For attachment of the shroud 

10. To balance out the force caused by pressure drop across each set of blades. 
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Supplementary 
References 



/i Correspondence Course. Lecture 4, Section 3. Second class. Southern 
Alberta Institute of Technology. Calgary, Alberta, Canada. 



20 



ERIC 



87 



I 



( 



( 



< 



9 

ERIC 



SOUTHERN ALHKHTA INSTITUTE OK TECHNOl.OC V 
CALGARY, ALHKHTA 



Correspondence Courses 
Power Engineering 



SE CTION 3 

Second Class 

PRIME MOVERS Lecture ^ 



STEAM TURBINES I 



Introduction 

It is only during the last fifty years that the steam turbine has really 
come into its own in t^he field of prime movers. Modern industry in its 
quest for super-efficiency and economy dictates that electrical power he 
produced in central stations and distributed by line to industrial centres 
and isolated plants .'dike. This trend has been more than instrumental 
in the recent great developments which have taken place in steam turbine 
design and application. 

♦ 

Principles of Operation 

ilori/.ontal steam turbines as installed in stationary plants are pro- 
duced in a wide range of sizes. The smaller machines, producing up to 
about 225 kW and running at high speeds, are usu;dly employed to drive 
exhausters, exciter sets, small lighting generators and other compara- 
tively low power-consuming plants. The larger turbines, some of which 
are capable of outputs of up to 500 MW, and running at speeds below 
I 000 rev/min, are usually found in really large Installations such as 
public power stations a. I the power houses which furnish power and light 
for large industrial eudertakings , 

The revolving member of a steam turbine known as the rotor, con- 
sists of a shaft or spindle upon which the blades arc- attached. The 
steam in passing through these blades does useful work and so causes 
the rotor to revolve. This conversion of the potential energy of the 
steam into useful energy is effected in two stages. 



Firstly, the pressure energy is converted into kinetic energy as the 
steam expands through the nozzles and the pressure drops. These nozzles 
which may be either stationary or movable are so designed that the steam 
expands from a high pressure to a lower pressure and in doing so produces 
the maximum velocity possible in the steam jet. 

Secondly the kinetic energy of the jet is converted into useful work by 
changing the directional momentum of the steam by blades or buckets. In 
some designs both functions take place simultaneously. 

Thus it is obvious that the two most important parts in any steam turbine 
are the nozzles and the blades, since upon the design and efficacy of these 
components depends the overall efficiency of the whole machine. Fundament- 
ally the two processes by which the energy in the steam is converted into 
rotary motion can be broadly divided as follows: 

(1) by the impulse type turbine, 

(2) by the reaction type turbine. 

THK IMPULSE TURBINE 



In the impulse type turbine the steam 
pressure is reduced in stationary nozzles 
which also serve to increase its velocity. 
The high velocity steam impinges upon 
the blades and imparts nn impulse to 
them rotating the shaft. 

Figs. 1 and 2 show diagrammatically 
a simple impulse turbine in which the steam 
is expanded completely in one step. This 
results in a very high rotational speed. 
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Kotor ;m<l Nozzle oi a Simple Impulse 

Turbine K ig. 1 

Sfeam emerges from the nozzle at a 
high velocity and strikes the blades 
which change its direction of flow* 



Simple Impulse Turbine 



v 1 



in 



The steam pressure is reiinc 
the stationary nozzles ;uul the 
velocity steam jet impinges upon the 
blades, thus imparting motion lo I hem. 
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Lower turbine speeds e;ui be obtained without ;in excessive loss of 
efficiency by using two sets of moving blades mounted on the same disc, 
each absorbing its share of the energy in the steam. This principle is 
known as Velocity Compounding and is illustrated diagrammatically in 
Fig. 3. 



Referring to Fig. :i, steam enters the turbine casing and, after expan- 
sion in the nozzle, is directed at high velocity into the first row of moving 
blades, where part of the velocity is absorbed. After the first row of mov- 
ing blades, the steam enters a row of stationary baldes which are fixed to 
the turbine casing and located between the two rows of moving blades. The 
stationary blades simply change the direction of the flow of the steam so 
that it will enter the second row of moving blades at the correct angle. By 
the time the steam leaves the second row of blades all the available 
velocity has been absorbed. 
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Thori: is another system of velocity compounding in whieh one set of 
moving blades ,s used, known as the re-entry type turbine In this 

rioL^ l^- aftGr P u aSSing throu * h the blade^once ^ s reversed and 
directed back again into the same set of blarip* aw h»«1- f 

make this possib.e a,,d these are Utustmldt 'fS 5 C ° nStrUcti " n 



REVERSING /'2fi% r 
/f.HAMfJtR 




NOZZLE 



SHAF. 



WHEEL 
BLADING ■ 



Re-entry Method of Velocity 
Compounding 
Fig. 4 

Steam issuing from the nozzle at a 
hi}/ velocity passes through the 
rwo of moving blades to a revers- 
ing chamber. In this chamber vanes 
re-direct the steam back through the 
same row of moving impulse blades. 



BLADING 




REVERSING 
BLADES 



NOZZLE 



Another Method of Re-entry 
Velocity Compounding 
Fig. 5 

The steam discharged from the 
nozzle enters pockct-like buckets 
on the rim of the wheel. Reversing 
guide passages placed in the sta- 
tionary casing opposite the buckets 
are designed to re-direct the steam 
back into the buckets again. 



In addition to velocity compounding as tt meth(H , of ro(lucin t w 
speeds without loss of efficiency, impulse turbines may be designed to 
reduce the steam pressure in steps or stages. This is known as Pressure 

STn"? 0r l prt,SH 1 Un> ala « ln 8. e«h set of expansion nozzles with its 
impulse blading being known as a pressure stage. 

This principle is (Ungrammatically illustrated in Figs. V, 7 and H 
mid is equivalent to mounting several single-stage impulse turbines on 
a common shaft. In large units velocity compounding is usually employed 
m the first pressure stage and pressure compounding in the remaining 
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Krlcrring u> Fig. (i below, the high-pressure slcam expands in tin- 
first set of nozzles juhI then passes through the first row of moving 
blades. It then expands again in another set of nozzles and passes 
through another set of moving blades. 

The design shown in Fig. 7 is a combination of veloeity compounding and 
pressure compounding. Each element of the pressure compounding or stage 
contains a complete example of veloeity compounding. 



( 



The portion of the turbine shown 
in Fig. 8 has one velocity and four 
pressure stages. The graph above 
the eross-seetion of the nozzles and 
blades shows how the pressure and 
veloeity change as the steam passes 
through the turbine. The pressure 
drops as the steam expands in the 
nozzles but remains constant as it 
passes through the moving blades. 

The first stage is designed for 
a greater pressure drop than the 
remaining stages and so the veloe- 
ity of the steam leaving the first 
nozzle is much higher. 

This higher veloeity ean be 
used more advantageously to pro- 
duce work if it is reduced in two 
steps. Hence, in this stage there 
art 1 usually two rows of moving 
blades and ;tn intermediate row 
of stationary guide black? s. The 
steam velocity decreases in l>oth 
rows of moving blades and remains 
constant in the guide vanes. 

The diagram is of a pure 
impulse turbine, but most modern 
turbines are designed to incorpor- 
ate a greater or lesser degree. of 
reaction. 
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Impulse Turbine with Velocity 
and Pressure Stages 
F ife 8 
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Pressure Veloeity 
Compounding 
Impulse Turbine 
Fig. 7 
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Till-: UKA ITION TliltHINK 

In the reaction type of turbine, the expansion of the steam occurs in 
moving nozzle- shaped blades which produce an increase in the velocity of the 
jets passing through the blades and also a change in direction, as a result of 
which a driving force is imparted to the blades and so to the rotor. 

The pure reaction typo of turbine is not a practical proposition and is, 
therefore, never encountered. The introduction of the steam into the fast 
moving blades of the rotor presented some difficulty but the problem was 
overcome by projecting the steam into the moving blades by means of 
stationary nozzles. 



,IN MOVING, « 
IK' •' J>'J 



IN uiATIONARY BLADOS . 

1 ! ' '' I! VELOCITY OF 
STEAM LEAVING 



In theory, the nozzles expand the steam just suffieinetly to give it a 
velocity equal to that of the moving blades. The steam should then pass into 
the blades without impact and upon further expansion in the nozzle-shaped 
blades the potential energy remaining in the steam is converted into kinetic 
energy. 

In actual fact the velocity of the steam produced in the stationary nozzles 
is greater than the velocity of the blades and the jets strike the latter and 
produce an impulse effect, Then the further expansion of the steam within 
the blades produces a reactive force anil the rotor is caused to rotate by the 
the combined action of both the impulse 
and reactive forces. Turbines acting on 
this impulse reaction principle are 
referred to as Reaction Turbines and an 
illustration of the principle is shown in 
Fig, i). Impulse and reaction types of 
blading are sometimes combined and 
used together in the same turbine. 
Tig. 10 shows such an arrangement. The 
first high-pressure stage is of the vcl- 
• "ily compounded impulse type and the 
low-pressure stages are of the reaction 
type. 



Referring aguin to Fig. 9, steam 
under pressure enters a row of station- 
ary blades which direct it into a row of 
moving blades affixed to the rotor. After 
leaving this first row of moving blades , 
the steam enters another row of station- 
ary blades before being passed through 
other moving blades. The steam pres- 
sure drop across both the moving and 
stationary rows of blades is evident 
from the graph. 

Compound reaction turbines 
consist of individual high and low pres- 
sure units. The steam enters the high- 
pressure turbine and expands as it fh^vs 
through the turbine. The low-pressure 

l-ikes thi:. steam . expands it still 
turlhor and exhausts n tu a condenser. 




Simple Reaction Turbine 
Fjl'- \) 
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Reaction Turbine with Velocity 
Compounded Impulse Stage 
Fig. 10 
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With further reference to 
Fig. 10, in the reaction section of 
this turbine only three rows of mov- 
ing and fixed blades arc shown. 
There are, however, many more 
in the complete turbine. Both the 
stationary and moving blades form 
nozzles and the steam pressure 
drops and velocity rises as it 
passes through them. Impinging 
against the moving blades in the 
direction of rotation the steam im- 
parts energy to them due to impulse. 



The moving blades are 
similar to the stationary blades 
and the steam expands as it passes 
through them, This expansion and 
pressure drop increases the 
velocity of the steam with respect 
to the moving blades and, upon 
leaving, imparts energy to them 
by reaction. The graph shows the 
changes in pressure and velocity 
relative to the stationary blades 
as steam passes through the tur- 
bine. Reaction blades receive more 
energy from reaction than 
impulse. 



In the radial reaction or 
Ljungstrom turbine, Fig. 11, the 
steam flows outward from the 
centre in a radial direction through 
reaction nozzles formed by moving 
blades placed axially. Alternate 
rows of blades move in opposite 
directions and as these are con- 
nected to two independent shafts 
these must also revolve in oppo- 
site directions. Each shaft is 
connected to an individual 
generator. 



Radial Reaction 

or Ljungstrom Turbine 
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( TUKHI NK CONSTRUCTION 

Turbine Cylinder Casin gs 



( 



( 



Turbine casings are made as simple in shape as possible so as to reduce 
to a minimum any distortion due to temperature changes. They are divided 
into two parts on a horizontal joint so that the machine can be opened uo for 

^T^rtn^^ 31,(1 ^ r ° t0r rem ° Ved With ° Ut disturbi "g *e alignment 

Both top and bottom halves of the casing have flanges with holes drilled in 
are used * ^ thGre 18 insufficient clearance for boh" studs 

The joint faces of both top and bottom casings are accurately machined to 
make a good joint, the pressure on the joint being considerable Tin The H-n 
cylinders High tensile steel bolts are used for the H- P casings which a're 
usually made of cast steel, and in this case, these bolts have f hole drilled 
down their length to allow for the insertion of carbon rods for electric" 1 heating 

::?iXTVri2 h This n tv , aiiows proper ^o^^z^^ 

of bolt used. ° WS " CaSing j ° int ' lnd an illustl 'ation of the type 

In some designs of flanges, in order to relieve stresses, vertical siw cuts 
are made from the edge of the flange through to the bolt holes. 

The L-p easing, which is made of east iron or fabricated steel, is so shaped 
' s " :,Uow adequate passages for the steam as it leaves the last row of blades 
to flow into the condenser without eddying. The exhaust chambers, which are 
connected o the condensers, are braced with plates and stays to prevent distor- 
tion or collapse of the casing. " 1 r 

The condenser* are placed below the L-p easing and the mass is taken 
hi ough springs supported from the basement -level floor. The mass of the 
turbo-alternator is carried by the steel .and concrete foundation block. 

To ensure that correct alignment of the turbine is maintained under all 
u »nili ions of operation, provision is made to allow free axial expansion and 
r.ul.al expansion. When referring to turbine steam flow, or exp an" c n o e,n~ 
•'action, the term axial. me. -ins along the line of the shafts, and radial 
transverse) means at right angles to or across the line of the shaTtsT The 1 -o 
Winder easing exhaust is usually anchored to the foundation axially only a 
" * P<»" • and movement of both the L-p and the H-p cylinder casings is all Ld 
^S^Z^ ° f SU(,inK SUPP ° rtS «* k ^a.vs, to suite thenar ti'culT 

An example of these sliding supports for a H-p cylinder is shown in Fir. 1 Ha) 
• ill he seen that the cylinder casing is rigidly connected to the bear L X l^' 
■ u M l is free to move radially out from the shaft in all directions an, st 

' n ; lh ^ent. The bearing pedestal is allowed to slide axially on ke " • ys 
ft t Hi be ween the stool or bedplate and the pedestal. An example of n arn.te- 
»n«*nt the expansion of a two-cvlinder lurbim- is shown in IT* " 
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liolted H-p Cylinder Joint 
Fig. 12 



Hole for Hcnttni; Hud 




CYLINDER 
CASING 



SLIDING KEYWAYS 
FOR CYLINDER 
RADIAL MOVEMENT 
VERTICALLY 



SLIDING KEYWAY 
FOR CYLINDER 
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Provision for Kxpansion of Two-cylinder Turbine 

Fig. 1 



In sonir turbines the pedestal bearings are fixed solid to the 
Inundation and tin* easings are allowed to expand axially at one end 
by means of supporting feet or "paws", as they are often called, and 
sliding keyways. Radial expansion key ways are used similar to those 
described for Fig, I H(a), 

Turbine Kolors 

Turbini' I'oiors mav be of tour main tvpes as follows; 
1 . Korged Steel Drum Kolor 
::. Disc Rotor 
:;. So] id Korj'cd Rotor 

i. UVldorl Kolor 
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Drum Rotors 



In the hollow drum type rotor, Fig. 14(a) the H-p steam inlet end 
of the rotor and drum is a single steel forging and the exhaust end shaft 
and disc is another separate forging. After machining, the drum is 
shrunk onto the exhaust end disc forging and secured by bolts and driv- 
ing dowels. Grooves are machined in the body of the drum to take the 
necessary blades. 

The hollow drum type rotor is limited in its application because of 
the excessive stresses which would occur if it were made in large sizes. 
The main advantage of this construction is that there is approximately 
the same mass of metal in the rotor as in the cylinder casing. There- 
fore, there is the same response to changing temperature conditions in 
both rotor and casing and working clearances can be kept to a minimum. 

Drum rotors are used to carry the reaction type blading in the H-p 
cylinders of the Parsons design of turbine. Fig. 14(a) illustrates the 
construction of the hollow drum type rotor. 

The solid drum type rotor, Fig. 14(b) is suitable for cylinders 
where there are lower temperatures but l»rge diameters. For example 
they are used in the intermediate cylinders of large output reaction 
turbines. 
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Disc Kotors 

The disc rotor is made up of a number of separately-forged discs or 
wheels and the hubs of these wheels are shrunk or keyed onto the central 
shaft. The outer rims of the wheels have suitable grooves machined to allow 
for fixing the blades. The shaft is sometimes stepped so that the wheel hubs 
can be threaded along to their correct positions. Suitable clearances are left 
between the hubs to allow for expansion ax i ally along - the line of the shaft. 

Under operating conditions the temperature of the wheels may rise 
quicker than that of the shaft and this might tend to make the wheel hubs be- 
come loose. To avoid any such danger considerable care is taken during 
construction of the rotor to ensure that the wheels are shrunk on tight and 
correctly stressed. Fig 15 illustrates a disc type of rotor which is the type 
used in the L-p cylinder of most designs of large turbines. 




SECTION THROUGH DISC TYPE ROTOtt 

Disc Type Rotor 
Fit-,, lo 
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Solid Forged Rotors 

Rotors of this type have wheels and shaft machined from one solid 
forging, the whole rotor being one complete piece of metal. This results 
in a rigid construction, and troubles due to loose wheels of the shrunk-on 
typo are eliminated. Grooves are machined in the wheel rims to Uike the 
necessary blading. 

Solid forged rotors are used in the H-p and 1-p cylinders for most 
designs employing impulse type blading and for the I-p cylinder when 
reaction type blading is used* Fig. 16 shows a rotor of the solid forged 
type 

Welded Rotors 

Welded rotors are built up from a number of discs and two shaft ends. 
These are joined together by welding at the circumferences and because 
there are no central holes in the discs the whole structure has considerable 
strength. Small holes are drilled in the discs to allow steam to enter inside 
the rotor body to give uniform heating when coming on load. Grooves are 
machined in the discs to carry the blades and Fig. 17 (a) and (b) show this 
type of rotor construction. 

Welded rotors are used in the Swiss Brown-Boveri designs of turbines 
in the 1-]) zmd L-p cylinders. 



Grooves for Blade Fixing 




Solid Forged Rotor 
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Testing of Rotors 

Great care is taken during the manufacture of turbine rotors because 
they must be sound and as free from internal stresses as possible. Many 
tests are carrcd out to ensure that any flaws in the metal are detected 
before final dispatch of the rotor to site for erection in the turbine. 

Dummy Pistons 

r 

There is a pressure drop across each row of blades in a reaction type 
turbine and a considerable force is set up which acts on the rotor in the 
direction of the steam flow. In order to counteract this force and reduce 
the load on the thrust bearings, dummy pistons arc machined out of the 
rotor forging at the steam inlet end, It is usual to have a dummy piston for 
each cylinder except for the L-p double-flow cylinders where the steam flows 
in both directions and the forces are balanced out. 

The dummy piston diameter is so calculated that the steam pressure 
acting upon it in the opposite direction to the steam flow, balances out the 
force on the rotor blades in the direction of the steam flow. It is prefer- 
able that the dimensions be so arranged as to keep a small but definite thrust 
towards the exhaust end of the turbine. To help maintain this condition at all 
loads a balance pipe is usually connected from the casing, on the outer side 
of the balance piston, to some tap-off point down the cylinder. Both dummy 
piston and balance pipe arrangement arc shown in Fig. 18. 




I)umm\ Piston ;uid Hahmn' Pipe 
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Blading 

No detail in the construction of a turbine affects the reliability and efficiency 
more than the design of the blading. This applies particularly to the moving 
blades which are attached to the turbine rotors . 

Depending upon the design of the turbine there is either an impulse force 
(impulse type blading) or a combination of impulse and reaction forces (reaction 
type blading) acting on the turbine blades due to the steam flow. The longer the 
blade the greater the bending force at the root or fixin ; point of the blade. 

In addition there is a centrifugal force, due to the speed at which the blade 
is rotating, trying to throw the blade outwards . 

These two forces - the bending force and throwing-out force - are at maxi- 
mum in the largest blade wheel at the L-p exhaust end of the turbine. Thus the 
stresses which these forces impose, limit the size of the blades and the diameter 
of the last wheel. This limitation is one of the reasons why turbines are designed 
with double flow in the L-p cylinder. 

The mechanical stresses just described are not a great problem in the small 
H-p moving blading but this blading is subject to much higher temperatures and 
becomes the greater problem from the designed aspect. 

The fixed blades are secured to the turbine cylinder casings and in the 
impulse type of blading take the form of nozzles set in diaphragms alternately 
between each row of moving blades. 



Reaction Type Blading 

In reaction type blading a pressure drop occurs across both the fixed and 
moving blades. In the H-p cylinder a very effective seal between fixed and 
moving blading is essential to prevent steam leakage vhich would make the 
turbine inefficient. 

The fixed blades are fitted in grooves in the cylinder casing and the moving 
blades in grooves machined in the rotor. 

For blading subject to high temperature in H-p cylinders, the blades are 
made complete with root section ;ind shrouding in one piece and are formed in 
groups or packets for convenience of handling. The shrouds have a projecting 
portion which is thinned down to form a single knife edge on the moving blades. 
On the fixed blades a second strip is added which is tapered to form a double 
knife edge. The blade packets are then fitted in the grooves to form a complete 
row of either fixed or moving blades. The blade packets are serrated along 
the roots and secured in the grooves which are also serrated, by means of side- 
locking strips . 
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An illustration of this type of blading is shown in Fig. IS), and it will be 

seen that the leakage of steam is controlled by the axial clearance that is 

the clearance along the line of the shaft. This typo of sealing is known as' 
end tightening". 

An additional seal is provided by a radial fin machined into the shroud 
and set at a reasonably fine clearance between cylinder bore or rotor body. 
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H-p Reaction Type Blading showing Knd Tightening 

Fig. 19 

Because of the very fine clearances which are necessary with this type of 
blading, thrust adjusting gear is fitted, Fig, 20, This enables the axial 
position of the rotor to be controlled within strictly defined limits. When the 
machine is running up, the clearances between fixed and moving blading can 
be increased to avoid any danger of rubbing clue to uneven temperatures When 
the turbine is on load the clearances can be reduced for efficient running 
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Turbine Thrust Adjusting Hoar 
Fig. 20 
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Impulse Type Blading 

The H-p moving blades for impulse type turbines are machined from 
solid bar and the roots and spacers formed with the blade. This is illus- 
trated in Fig. 21. Such construction avoids the use of distance pieces or 
packers when assembling the blades in the wheels. Tangs are left at the tips 
of the blades so that when fitted in position in the wheel the shrouding can be 
attached. The shrouding is made up from sections of metal strip punched with 
holes to correspond with the tangs. The strip is passed over the tangs which 
are then splayed out to secure the strip in position. The shrouding is fitted 
in separate sections to allow for expansion. 

There is no pressure drop across the moving blades of an impulse type 
turbine and therefore the sealing arrangements are not of such great 
importance as in the reaction type. The shrouding on the impulse blading 
helps to guide the steam through the moving blades, allowing larger radial 
clearance, as well as strengthening the assembly. 

The fixed blading in an impulse turbine takes the form of nozzles mounted 
in diaphragms. The diaphragm is made in two halves, one half being fixed to 
the upper half of the cylinder casing and the other half diaphragm to the lower 
half cylinder casing. The diaphragms are located in the cylinder casings by 
means of keys so that when expansion occurs, fouling of the shaft seals is 
avoided. Special carrier rings are generally used to support the diaphragms 
in H-p cylinders. 
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At the: H-p end of the turbine the diaphragms are of the built-up type. 
Each nozzle is machined separately from a solid bar and attached by grooves 
and rivets to the diaphragm plate. In some cases the nozzles are also welded 
together and to the plate. Fig, 22 shows the manner in which the nozzles are 
built up around the diaphragm plate. 

Due to the steam pressure difference on each side of the diaphragm it is 
necessary to provide seals at the hole, where the shaft passes through the 
diaphragm, to prevent steam leakage along the shaft. 
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Cylinder basing Drains 

Increased steam pressure and the higher efficiencies of modern turbines 
have increased the percentage of wetness at the exhaust end; 14% is generally 
taken as the maximum allowable. The shape of the cylinder c -'ing allows this 
water to drain to the condenser but special draining grooves ar arranged in 
the cylinder casing to help remove this water more effectively. 



An example of this type of draining arrangement is illustrated in Fig. 2;i, 

The L-p blades have to operate at high speed in wet steam and particles 
of water can cause severe erosion (or wearing away) of the blades. To over- 
come this difficulty and give blades a longer life a very hard wearing layer or 
shield of Stellitc material is deposited on the steam-inlet edge of the blades, 
A section through a blade so treated is also shown in Fig. 2;j. 
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(see section 
above) 
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Cylinder Casing Drainage 
Fig. 2:i 
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Packing Elands 

To prevent the leakage of steam out ox* of air in around the 
tv.rbine shaft where it extends through the casing, some form of seal 
or gland is necessary. When the internal steam pressure is above 
atmospheric there will be a tendency for the steam to leak out along 
the shaft past the seals, and when the internal steam pressure is below 
atmospheric the tendency is for air to leak along Lie shaft in the oppo- 
site direction and reduce tho vacuum to which the turbine exhausts. 

There are three common types of gland at present in use - 
carbon rings , labyrinth seals and water seals . Small turbines 
usually employ the first mentioned although large units may use 
either of the latter or a combination of the two. 

Carbon ring seals . Fig. 24, consist of a number of carbon rings 
which fit in annular slots in a horizontally- split housing. Each ring 
is composed of several sep^ents and these are clamped together around 
the shaft by means of a si nng. When properly adjusted the rings should 
fit snugly onto the shaft but should not grip it. Steam is admitted be- 
tween the second and third carbon rings to act as an additional seal to 
prevent the ingress of air when the pressure in the turbine is below 
atmospheric. A steam leak-off point is provided between the last two 
rings. 
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The labyrinth seal is composed of a number ol rings on the* inner cir- 
cumference of which are formed a series of sharp projections, Fig. 25. 
These rings arc mounted in a casing around the turbine rotor shaft and 
arc normally maintained in position by means of a spring. The sharp 
projections usually fall into 
grooves either in the shaft 
itself or in a sleeve fitted 
over the shaft, although in 
some designs the shaft in the 
seal area may be smooth. 
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The clearances between 
the projections and the shaft 
arc cNc^cdingiy fine and 
thus a formidable labyrinth 
is formed around through 
which any leakage of steam 
or air must flow. This 
series of small circular 
spaces in the labyrinth 
offers a great resistance 
to steam flow and causes a 
scries of pressure drops 
along the shaft which min- 
imize effectively any tendency 
to leakage. 

In water seals a runner 




Low- Pressure 
Labyrinth Shaft Seal 
Fig. 25 



mounted on the turbine shaft 
acts in much the same way as 
the impcllor on a centrifugal pump. A ring of water under pressure is 
maintained at the periphery of the runner, and this seals the gland 
against leakage. Clean water only should be used in a water seal since 
contaminated water will cause deposits which will build up and result in 
poor sealing and mechanical breakdown. 

Turbine bearings in practically every instance are adjacent to the 
shaft seals. Therefore, if the seals arc not in good condition the steam 
or water escaping along the shaft may find entry into the bearing pedestals 
and so contaminate the lubricating oil. Seals of all types are provided with 
adequate drains which should be operated as recommended by the turbine 
manufacturer to ensure that water will not accumulate in the cavities of 
the gland housing and leak into the bearings. 

One or more steam "leak-off" joints are usually incorporated in the 
seal design to enable steam leaking through the labyrinth to be led either 
to the L-p seals where it can be used as sealing steam or re- introduced to 
a L-p stage of the turbine so that the 1 remaining potential energy can be 
converted into useful work. 
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Combination Labyrinth 
and Carbon Ring Shaft Seal 
Fig. 26 




Combination Water Seal 
and Labyrinth Seal 
Fig, 27 
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The combination carbon ring 
and labyrinth gland shown in 
Fig. 2G has two steam ff leak-off M 
points for the removal of steam 
which has passed through the 
labyrinth part of the gland. 



Referring to the figure, the 
labyrinth seal consists of two 
labyrinth rings each made of four 
segments and kept in place by a 
split retaining ring. 



Fins on the bore of the 
labyrinth rings mesh between 
the fins formed ont a sleeve on 
the shaft. Each of the four 
carbon rings is made of four 
segments held to the shaft by a 
circular garter ring. 



Steam leak-offs to suitable 
stages in the turbine are pro- 
vided between the two labyrinth 
packings and between the laby- 
rinth and carbon ring seals. 



L-p scaling steam is 
admitted between the second 
and third carbon rings. 



Where water- type seals 
are provided the water should 
not be turned on until the turbine 
is running at above half- speed 
since below this speed the 
impelior will not create suffic- 
ient pressure to provide an 
efficient seal, see Fig. 27. 



For the same reason water 
should be cut off from the seal 
as soon as the steam has been 
cut off from the turbine. 
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The governing of all steam turbines is effected by controlling the 
amount of steam admitted to the turbine. This control is usually performed 
by two governors. One of these is designed to shut off the supply of steam in 
the event of the rotor speed increasing above a predetermined maximum. It 
is often referred to as an overspeed governor or emergency trip, Figs, 28 
and 29. 

The other or main governor operates to maintain the turbine at a 
constant speed - or it may even be required to operate the turbine at vary- 
ing speeds when acted upon by some outside influence. 

Referring to Fig. 28, should the turbine speed exceed a predetermined 
figure, centrifugal force causes the governor weight to move out from its 
normal position in the turbine shaft and engage a trigger. This releases the 
spring-loaded linkage which operates a trip permitting the stop valve to close. 

In the governor shown in Fig. 29, a latch holds a spring-loaded pilot 
valve so that H-p oil holds up a spring- loaded throttle trip piston. If the 
turbine speed exceeds the predetermined maximum, a plunger mounted in 
the rotor shaft is thrown out and trips the latch which holds the pilot valve. 
Upon release the valve closes off the supply of H-p oil and opens the line 
from the trip cylinder to the drain. This enables the spring to force the 
piston down and the mechanism holding the throttle valve open to unlatch. 




Kmorgency Overspeed Governor Hydraulic Kmcrgoncy Overspeed 

Fig, 28 Governor Fig. 20 
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Extraction, mixed pressure and back pressure turbines are provided 
with governors which control the flow of steam in response to a combination 
of speed and one or more pressures. The governors of such units are exceed- 
ingly complex compared with the direct-acting speed governors such as one 
fitted to small mechanical drive turbines. 

All governing mechanisms can be divided into three main portions - the 
governor speed- sensitive element ; the linkage or mechanism which trans- 
mits the motion of the governor to the steam control valves, and thcaictual 
steam control valves . The mechanical details of governors will, of course, 
vary from maker to maker and only general principles can be described. 

The most common type of speed-sensitive element is the more-gcnerally 
used centrifugal unit or fly-weight governor. Weights pivoted on opposite 
sides of a spindle and revolving with it move outwards due to centrifugal 
force against the action of a spring as the turbine rotor speed increases, and 
inwards as the speed decreases. 

This motion can be used to operate and control the steam admission 
valve directly through suitable link mechanisms, Fig. 30. 
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Referring to Fig, 30, 
when speed increases, cent- 
rifugal force causes the 
governor weights, driven by 
the turbine rotor, to move 
outward against the spring 
pressure. 

This movement, acting 
through a mechanical link- 
age, closes a balanced steam 
admission valve. This type 
of governor is only used on 
small type turbines. 

The fly-weight governor 
will more often operate the 
pilot valve of a hydraulic 
system which will in turn 
admit and release oil under 
pressure to opposite sides 
of a power piston, or to one 
side of a spring-loaded piston. 

Movement of this piston 
opens or closes the steam 
valve and thus control of the 
lu rhino speed is effected. 
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Some largo high-speed turbines are provided with a double relay hydrau- 
lic system, such as shown in Fig. 31, the purpose being to increase further 
the force of the centrifugal governor, and also to decrease the time lag between 
the action of the governor and the change in rotor speed. 



MAIN 0»l POWER 
CYLINDER 



The centrifugal governor is worm-driven from the turbine rotor, so that 
when the turbine slows down centrifugal force acting on the fly-weights 
decreases and they are pulled inwards by a spring. This movement of the 
weights raises a pilot valve in the piston in the primary cylinder, which 
allows H-p oil to flow under the piston from the centre portion of the cylin- 
der. 

At the same time the space above the primary piston is connected to the 
drain. H-p oil under the piston causes it to move upwards and operate the link 
mechanism which is connected to the pilot valves of the main power cylinders 
(only one of which is shown). 
Upward movement of the 
primary piston causes up- 
ward movement of the main 
pilot valves, which admit 
H-p oil to the underside 
of the main power pistons 
and these in turn open the 
steam valves. The rocker 
arms and the pilot valve 
stems are so adjusted that 
the steam admission valves 
open and close in a pre- 
determined sequence. 



In small turbines 
the flow of steam is 
controlled by increasing 
or decreasing the opening 
of a single valve, usually 
of the balanced type, to 
reduce the force which 
the governor piust exert. 

In large units a number 
of valves are employed to 
regulate the steam flow, 
one for each group of 
steam nozzles. T he 
number of valves and hence 
the number of nozzle groups 
in use are varied according 
to the load on the turbine. 



HIGm-PRF 
OH OH TIFT. 




( 



Speed Governor 
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Hydraulic System 



Fig. 31 
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SPRING-LOADED 
OPERATING PISTON 



These valves muy be operated by 
a bar-lift mechanism, Fig. 32; by 
earns or levers, Fig. 33, or by in- 
dividual hydraulic cylinders, already 
illustrated in Fig. 31. Sometimes 
hand-operated valves are provided to 
admit steam to additional nozzles or 
to a lower stage when greater than 
normal output must be developed. 

In Fig. 32, when the speed 
governor calls for more steam, the 
pilot valve admits H-p oil to the under- 
side of the spring-loaded operating 
piston. As the piston rises, it lifts 
a bar, which in turn lifts the pop- 
pet valves in a predetermined 
sequence. Each valve admits steam 
to one group of the first stage nozzles. 

Fig. 33 illustrates how oil 
under governor control acts on the 
underside of the spring-loaded oper- 
ating piston. As the piston rises, 
a rack on the piston rod causes a 
layshaft to rotate. On this lay shaft 
are a number of cams - one for each admission poppet valve. Each cam 
operating through a follower and rocker arm actuates a steam valve which 
supplies a group of nozzles. The cams on the layshaft are indexed so that 
the valves are opened in a predetermined sequence and closed in the reverse 
order. 
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Bar-lift Steam Admission Valves 
Fig. 32 
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Kxtraction and back-pressure 
turbines are fitted with governors 
which are designed to maintain a 
constant extraction or exhaust pres- 
sure irrespective of the load on the 
turbine. The pressure sensitive 
element consists of a diaphragm or 
bellows and the response to pressure 
change s is communicated through 
linkages and a hydraulic system to 
the valves which control the steam 
extraction and also to the speed 
governor which controls the admis- 
sion of steam to the turbine. On 
automatic extraction turbines the 
actions of the pressure and speed 
responsible elements are co-ord- 
inated so that the turbine maintains 
the predetermined speed. 

Extraction valves are designed 
to control the flow of steam to the 
stages following the point of extrac- 
tion. Fig. 34 illustrates the grid- 
type extraction valve. It is placed 
within the turbine in the stage from 
which the steam is extracted and after' 
the moving blades of that stage. It 
controls the flow of steam to the 
remainder of the turbine. Essentially, 
the valve consists of a ported station- 
ary disc and a ported grid which may 
be rotated. When the openings in the 
disc and the grid coincide the valve is 
open and a full flow of steam passes 
• " • 1 r *iw, furhinrv When 
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Grid-type Extraction Valve 
Fig. 34 
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Speed Reduction Gear Sets 



whin J e manY instances w here the most efficient and practical 
£rbine speed is in excess of that of the machine being driven Some of 
the more common examples of this include turbine-driven XecWnr^L 
generators, paper-making machines, centrifugal pumps 
fans. Under these circumstances reduction geL sets are useTto reduce 
the speed of the turbine to suit that of the machine being drTven 

Reduction gear sets used on modern medium and large-sized steam 
turbines are generally housed in an oil-tight casing and are con^ectedTo 

n ^ ble S-all tuXtm y 

hf-T^A gear- set housing is integral with the turbine cas- 

ing and the pinion may even be keyed directly onto the rotor shaft 

Flexible Couplings 

In some turbine generator sets the rotors are connected together 
oy a solid coupling but it is more usual for the turbine to drivefhrough 
a flexible or claw type coupling, Figs. 36 and 37. In mos tmecfiSSl 

onZTST?^ Where a reduCti0n * ear set is Evolved the toZne is 
connected to the driven unit by a flexible type of coupling. 

Flexible couplings permit an axial movement of the driven shaft 
and they can if necessary also be designed to transmit end thrust from 
the driven unit to the turbine. They can accommodate, to a minor exlent 
Z\ y tu % m / s ^~ which may result from temperature conges 
settling of foundations or bearing wear. They are not intended to overcome 
shaft misalignment due to careless or inexperienced erection ° VCrcome 

The flexible couplings used on large direct-connected units are 
enclosed in the same housing as the turbine and driven unit be^ings where 
they are lubricated by an oil bath carried in its own oil-tight case 
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Turning Gears 

The distance between the bearings of large turbines is considerable 
and when operating temperatures are above 400°C f it becomes necessary 
to keep the shaft turning after shut down to make sure that uniform cool- 
ing takes place throughout the turbine. Uneven cooling may cause shaft 
distortion. A motor-driven turning or h^ing gear is often provided, 
therefore, to keep the rotor revolving at speeds up to 30 rev/min during 
the cooling period. The turning gear is also used when starting up. 

It consists essentially of an electric motor connected by means of 
reduction gearing, to a gear ring either on the turbine shaft or coupling 
with a mechanism for disengagement when not in use, Fig. :*8. 

When the turbine revolves at slow speeds the main oil pump will, of 
course, not provide sufficient oil to lubricate the bearings. Consequently 
an auxiliary oil pump must be used when the turning gear is in operation, 
A separate motor-driven oil pump is generally provided to supply oil to 
the bearings instead of employing the turbine-driven auxiliary oil pump. 

Some turbines are provided with a high-pressure motor-driven 
positive-displacement type pump, called the jacking pump, which supplies 
oil to each main bearing through a hole at the bottom of the bearing. The 
oil pressure lifts the journals on oil films before turning gear is brought 
into operation and this reduces the starting load on the electric motor. 
Once the shaft has started to rotate the high-pressure oil pump can be 
shut down. 

In the turning gear illustrated below the motor speed is reduced by a 
belt-drive and a worm and wheel. The disengaging gear wheel is carried on 
a yoke which is slung from the worm shaft. An oil-operated piston is 
arranged to rotate the yoke about the worm shaft and so engage or disen- 
gage the turning gear from the turbine shaft. 
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Steam Turbine Lubricating Systems 

Turbines are the prime movers upon which the operation of a whole plant 
may depend and they must in consequence be provided with lubricating systems 
which will ensure a reliable supply of lubricating oil to all parts in motion. 
The size of the turbine is the main criterion in deciding whether the lubricating 
system shall be of simple or complex design. Small turbines of less than 150 kW 
such as are used to drive auxiliary equipment are normally provided with ring- 
oiled bearings, the other moving parts being lubricated by hand. 

Moderate-sized turbines, particularly if driving through a reduction gear, 
may have both ring-oiled bearings and a circulating system which not only 
supplies oil in the form of a spray to the gears but also supplies oil to the bear- 
ings of the gear set and the turbine. 

Large turbines are invariably provided with oil -circulating systems which 
supply oil not only to the turbine bearings but also to the governor mechanisms, 
the hydraulically-operated steam throttle valves and the bearings of the driven 
generators, etc. 



Thrust Bearings 

In an impulse turbine the pressure of the steam drops in the stationary, nozzles 
and therefore theoretically the steam pressures on both sides of the moving blades 
are equal. For this reason there is little tendency for the steam to exert an axial 
thrust on the shaft. However, there is always a small thrust in an impulse turbine 
which tends to displace the shaft in an axial direction. This thrust must of course 
be counteracted since failure to do so would result in contact between the moving 
and stationary parts of the turbine with disastrous results. 

The reaction turbine presents an entirely different picture. In this instance 
there is a considerable pressure drop across each row of moving blades and as 
a result an end thrust is imparted to the turbine shaft by each row of blades. This 
thrust is in addition to the thrust which is developed by the rotation of the shaft. 
One method of reducing the end thrust to zero is the double-flow principle of tur- 
bine design in which steam is admitted to a point midway along the turbine casing, 
after which it divides and flows axially in both directions. Opposing rows of blading 
are mounted on either side of the steam inlet and hence the equal end thrusts de- 
veloped in these blades counteract each other since they are in opposing directions. 
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THRUST FACF-S 



Another method of counteracting end thrust is by means of a balance 
piston upon which steam impinges and in doing so exerts a force equal and 
opposite in direction to the end thrust in the shaft, 

Yet another system to eliminate end thrust in large compound reaction 
installations consists of coupling together in tandem the high and intermed- 
iate pressure units and causing steam to flow through each in opposite 
directions. The opposing thrusts develc, ^d balance er h other and so 
render unnecessary the employment of large thrust bf \rings. 

Regardless of the type of turbine and the degree of axial thrust, some 
type of thrust bearing is always provided on the shaft to maintain the correct 
axial position of the moving parts 
with respect to the stationary parts. 
Normally thrust resulting from the 
steam flow is towards the L-p end of 
the unit, but thrust bearings are 
always incorporated to prevent axial 
movement in both directions. 



In small turbines the thrust and 
radial bearings are often combined 
in one single design as in Fig. 39. 
The bearing metal is extended rad- 
ially over the ends of the bearing 
shell to form thrust bearing surfaces 
which are sometimes provided with 
oil grooves to permit a more effic- 
ient distribution of the lubricating 
oil- 
Fig. 40 shows a ball bearing 
in a small mechanical drive turbine. 
The axial loud component of the 
boll bearing is being employed in 
this case to maintain the rotor in its 
correct position with respect to the 
steam entry nozzles and the station- 
ary blades. 
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Small units such as this arc employed to drive pumps, fans a v similar 
auxiliaries, often through reduction gearing. The turbine (Fig. 40) is a 
single-stage impulse type turbine with velocity compounding. It has a 
direct-action fly-ball governor and ring-oiled bearings. 

In the Michell type of bearing, Fig. 41, pivoted pads adjust them- 
selves to the wedging action of the oil between the bearing surfaces. The 
lubricant is drawn into the wedge-shaped space so formed and the H-p oil 
films generated between the surfaces eliminate all metallic contact and 
enable the thrust to be floated entirely on oil. 




Combined Radial and Michell 
Thrust Bearing 
Fig. 41 

Ring-oiled Bearings 

A cut-away section of a small turbine equipped with ring-oiled bearings 
is shown in Fig. 42. When the turbine is in operation the rings, which ride 
freely on the journals and revolve with them, dip into oil contained in the 
reservoir in the bearing housing. They automatically carry oil to the top of 
the journal from the reservoir, and it is then distributed over the whole length 
of the journal by rotation and by grooves in the bearing metal. 

In the ring-oiled bearing shown in Fig. 43 axial grooves in the bearing 
metal are provided both ahead of and after the pressure 1 area. This ensures 
complete oil distribution over the whole length of the bearing surface. Annular 
grooves arc often provided close to the ends of the bearing to collect oil as 
it is squeezed out of the ends of the bearing. Through holes at the bottom of 
these grooves the leak-off oil is permitted to drain back into the bearing res- 
ervoir, thus reducing the considerable oil loss from the housing and the 
tendency to formation of oil mists. 

The oil reservoir should be cither fitted with a night oil level gage or 
with a constant level oiler. 
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Cutaway Section of a small Turbine 
Fig. 42 



When the turbine is operating 
with high temperature steam, or is 
placed in an unusually warm location, 
the oil in the bearing reservoirs may 
become quite hot, and in order to 
maintain the oil at a steady operating 
temperature, cooling water jackets 
or coils are sometimes incorporated 
in the bearing design* 

Referring again to Fig* 43, most 
small mechanical drive turbines arc 
fitted with ring-oiled bearings. One 
or more rings rest on the journal and 
dip into thj oil reservoir in the bear- 
ing base* Rotation of the journal also 
rotates the rings which carry oil from 
the reservoir to the top of the journal 
from where it is distributed to the 
bearing surface* In this particular 
design, provision is made for cooling 
the oil by water* 
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ProHSure-fed Bearings 



The rotor of a steam turbine is supported by two main bearings both of 
which are outside the steam cylinder. Because of the extremely small clear- 
ances between the shaft and the shaft seals and between the blading and the 
stationary parts, the bearings must be accurately aligned. Wear must be at 
an absolute minimum for the same reason or damage will result to the shaft 
seals and blading. 

The loads imposed upon the main bearings are chiefly due to the weight 
of the rotor assembly. This may or may not be equally divided between the 
bearings depending upon the relative position of the bearings and the center 
of gravity of the rotor assembly. However, the design is usually such that 
the bearings do take equal shares of the load. In turbines where the admission 
steam is not uniformly distributed around the circumference, the forces on 
the blades have an influence on the bearing loads and pressures. If these un- 
balanced forces become considerable a vibratory load may be imposed upon 
the bearing in addition to that imposed by the rotor weight. 

Large turbine main bearings generally consist of shells split horizontally 
and lined with an anti-friction bearing metal. The bearings are enclosed in a 
housing to which a generous supply of oil is pumped by the circulating pump. 
This oil is delivered to the bearing, and chamfers and oil grooves assist in 
its complete and even distribution along the length of the journal. When an oil 
of correct viscosity is used a wedge is formed between the journal and the 
bearing - the journal floats on this oil wedge and metal- to- metal contact be- 
tween the journal and bearing cannot occur. 



Housing 



Cast Iron Shell 



The passages and grooves in the 
bearings are proportioned to permit a 
considerably greater flow of oil than is 
required solely for lubrication. This 
additional oil flow is required to remove 
the frictional heat and the heat conducted 
to the bearing by the shaft from the hot 
parts of the turbine. The oil flow must 
be sufficient to cool the bearing, preven 
hot spots due to induced heat, and main 
tain the oil and the bearing at a proper 
operating temperature. In fact, the 
major portion of the oil supplied to 
turbine main bearings serves more as 
a cooling agent than as a lubricant. 

A thermometer is normally pro- 
vided in each main bearing to allow the 
bearing temperature to be logged at 
regular intervals, a procedure which 
enables a very accurate check to be 

kept upon the condition of the bearing. A sudden rise in temperature will 
indicate a local condition needing attention. 




Oil 

Groove 1 



j 



White 
Metal 
Lining 



Main Bearing 
Fig. 44 



Fig. 44 shows one type of main bearing used in modern steam turbines. 



123 



- 37 - 



Oil Circulating Systems 

The details of oil circulating systems vary widely from turbine to turbine, the 
particulars depending upon the make, size and type of each individual unit. Their 
general arrangements are, however, similar, and the system shown in Fig. 45 
may be regarded as typical. 

Oil is drawn from a reservoir and delivered at full pump pressure 350 kPa 
to 500 kPa to a header which supplies oil to the governing and control mechanisms. 
Oil from this header, after being reduced in pressure to between 55 to 103 kPa, 
flows through an oil cooler to another header which supplies oil to all the bearings 
and other parts requiring lubrication. The oil returning from the bearings and 
governor mechanism drains back into the reservoir. 




Turbine Lubricating Oil System 
Fig. 45 
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1 • State briefly the essential difference between the principles of operation 
of impulse turbine blading and reaction turbine blading. 

2. (a) What methods are used in impulse turbines to break clown the* steam 
pressure drop between turbine inlet and turbine exhaust, and why 
is this done ? 

(b) It is common practice to use a velocity compounded impulse stage 
at the steam inlet or H-p end of a reaction turbine. Why is this 
done ? 

j ;L dive an example of force produced by reaction. Why is it not practicable 

| to build axial flow industrial turbines to operate on this principle only ? 

! 4. What provision is made on a large turbine casing for expansion in longi- 

1 tudinal and radial directions? How should this be maintained ? 

5. List four types of turbine rotors. State in what types of turbines you 
would expect to find these in use. 

| (i. (a) Why is a dummy piston essential in a reaction turbine but not in an 

i impulse turbine? 

I ( (b) Is there any end thrust in an impulse turbine due to steam flow' 1 

I Explain. 

j (e) Sketch a dummy piston, showing its position on a turbine rotor. 

; (d) How is the position of the balance pipe in tin* turbine cylinder decided 

upon ? 



7. Turbine blading is basically of two types, namely impulse and reaction. 
These tyjjes are recognizable on sight. Sketch a section through each and 
name the* type. 

s, Is thrust-adjusting gear important in a reaction turbine? 
Mow would you set this equipment correctly? 

What effect would its incorrect setting or operation have upon the running 
of the turbine ,; 

!L List the common methods in use today for sealing turbine glands. 
Sketch and describe each type. 



(see o\ er) 
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(Question Sheet Cont'd) 
i 

10. (a) What are the operating principles of speed-sensitive and pressure- 

sensitive turbine governors? When would each of these types be 
employed? 

(b) Describe the purpose and the operation of an emergency overspoed 
governor. 

11 . List three main advantages to be gained from fitting shaft -turning gear 

to a large steam turbine? What precaution must be taken before engaging 
the gear ? 

12. Sketch and describe a plain collar thrust and a Michel type thrust. 
Explain why the latter type can withstand a greater pressure. 
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8.3 

STEAM TURBINES — AUXILIARIES 



Goal: 



The apprentice will be able to 
describe steam turbine auxiliaries 
and their functions. 



ERIC 



Performance Indicators: 

1. Describe condensers. 

2. Describe feedvater heaters. 

3. Describe deaerators. 

4. Describe evaporators. 

5. Describe cooling towers. 
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'Study Guide 





* Read the goal and performance indicators to find what is to be learned 
from package* 

* Read the vocabulary list to find new words that will be used in package. 

* Read the introduction and information sheets* 

* Complete the job sheet. 

* Complete self -assessment • 

* Complete post-assessment. 
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# 
# 
# 
# 
# 
# 
# 
# 



* 
* 
* 
# 



* 
* 
# 
* 
* 
# 
* 
* 
* 
* 
* 
* 
* 



Air ejector 

Air release valve 

Atmospheric relief valve 

Central or radial flow condenser 

Circulating water pumps , 

Condenser gauge glass 

Condenser tubes 

Condensate pump 

Cooling tower 

Cooling water flow 

Deaerator 

Down flow condenser 
Electrical purity measurement 
Ejector condenser 
Evaporator 
Feedwater heater 
Forced draft cooling tower 
Hyperbolic draft cooling tower 
Induced draft cooling tower 
Jet condenser 

Mechanical draft cooling tower 
Non-return valve 
Regenerative condenser 
Relief valve 
Shell 

Silver nitrate test 
Surface condenser 
Tube plates 
Vacuum pay-off relays 
Vacuum trip relays 
Water box 




I2t) 



•introduction 





The steam turbine is the prime mover of a steam operated power plant. But the 
turbine must have the help of other equipment to complete its job of converting 
heat energy into mechanical energy. The equipment that helps convert steam 
into mechanical energy are called auxiliaries . 

A steam plant operator must understand the operation of the turbine and the 
auxiliaries. This package is designed to acquaint the apprentice with steam 
turbine auxiliaries and their function in power production. 
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Information 




A simple steam plant Is composed of the following components: 



Furnace 




Cooling 
Condenser 



Feed Pump 



Hotwell 



Steam from the boiler passes through a superheater into the turbine* The 
exhaust steam is transformed into water in the condenser and stored in the 
hotwell. A feed pump pulls water from the hotwell and supplies it as feedwater 
back to the boiler. 

Condenser 

The condenser is a heat exchanger. Its job is to convert exhaust steam to- water 
so that it can be recompressed at boiler pressure. A surface condenser uses 
river water or a cooling tower to transform the exhaust steam into water* 
Another method of cooling involves air cooling of finned tubes that carry the 
steam. A condenser is made of the following parts: 

- Shell of welded steel construction with attached hotwell , exhaust neck 
and support plates. 

- Tube Plates made of brass or stainless steel . 

- Condenser Tubes of small diameter brass or alloy which are attached or 
welded to the tube plates. 




5 



9 

ERIC 



131 



INSTRUCTIONAL LEARNING SYSTEMS 
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- Water box made of cast iron and bolted to the shell with tube-plate collar 
bolts . 

- Cooling water flow that passes through the water box. 

The efficiency of a condenser is affected by the arrangement of tube banks. If 
tubes are properly arranged, the condensate can be reheated and deaerated with 
steam in the condenser. A condenser that can utilize condenser steam for 
reheating the condensate is termed a regenerative condenser . A down flow condenser 
has a steam flow that is vertically downward. Central or radial flow condensers 
flows steam around the tube banks and radially to the center. Jet condensers 
use a water spray to cool the steam and both coolant and condensate flow into 
the hotwell. The ejector condenser is very much like a jet condenser. Exhaust 
steam enters the cooling water flow and is condensed by mixing. 

Air electors are needed to remove air from the condenser. Air will build up and 
blanket the cooling surface. This reduces the efficiency of the condenser. The 
air ejector expands high pressure steam through a nozzle which, converts the heat 
to kinetic energy. The air ejector jets trap air and remove, it from the 
condenser. 

A condenser has a number of safety fittings. The atmospheric relief valve 
releases pressure when pressures within the shell become greater than 
atmospheric pressure. This prevents rupture of the shell. Large condensers use 
vacuum pay-off relays and vacuum trip relays to protect against excess pressure 
in the condenser. A condenser gauge glass shows the level of condensate in the 
condenser hotwell. Excess water levels in the hotwell can be detected by a high 
water level alarm. Detection of leaks in the cooling water can be detected by 
an electrical purity measurement with a dionic tester . A silver nitrate test 
will detect salt in the cooling water. Manufacturer's instructions for specific 
condensers should be carefully followed in operating a condenser. 
Circulating water Dumps for moving cooling water are usually a vertical, 
propeller type, or mixed flow pump. Centrifugal pumps are used with large 
condensers. Condensate pumps remove the condensate from the hotwell to the 
aerators. Most condensate pumps are centrifugal type. 

Feedwater Heaters 

In bleeder trubines, steam is drawn off for the purpose of heating feedwater. 
As a result of bleeding, less exhaust ste*m is delivered to the condenser and 
the efficiency is increased. Feedwater heaters are used to help capture the 
energy that is normally lost as steam meets the cooling water. There are two 
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Information 




classes of feedvater heaters — low pressure and high pressure types. A feedvater 
heater has several safety and operational valves: 

- Safety valve on the steam side to avoid overpressure problems. 

- Relief valve on the vaterbox to prevent excess pressure from thermal 
expansion of water. 

- Non-return valve to prevent steam from returning to the turbine. 

- Drain valve for draining off condensate on steam side. Another drain 
valve on vaterbox for draining water. 

- Air release valve on steam side to bleed off excess air that blocks entry 
of steam. 

Deaerators 

A dearator removes the air from the condensate and heats it at the same time. 
Dearators are often called deaerator -heaters. The condensate is heated to the 
boiling point which releases all gases. After the condensate is heated, it 
flows down over a series of trays. The condensate flows to the bottom pf the 
tank and the gases move to the top where they are vented off to the condenser. 
A tray type aerator is shown below. _ 






MAIN 
ftCTUMN 
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Evaporators 

Boilers require a pure feedwater. The feedvater mu, be free of minerals. The 
best supply of pure feedwater can be obtained from xeed steam evaporators. 
Bleed steam is directed at evaporator coils which produce a vapor. The vapor is 
condensed in a low pressure feedwater heater. The evaporator shell is made of 
steel and contains a coil and header assembly. The coil is looped inside the 
shell. Baffles oh the coils separate water from vapor. As the water 
evaporates, the solids (mineral portion) of water are left in the evaporator. 
The evaporator must be cleaned regularly to remove scale and solids from the 
evaporation process. Clean surfaces offer better transfer of heat. 




Cooling Towers 

In some settings, cooling water must be used over and over. This requires that 
the water by cooled after each use. A cooling tower or cooling pond is a common 
method for re-cooling water. In a cooling tower, the warm water is pumped to 
the top of the tower and allowed to drop over a series of splash bars. The 
water returns to the reservoir by gravity flow and is cooled along the way. A 
hyperbolic draft tower provides a chimney type suction that moves air past the 
cooling water. 
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> CHIMNEY SECTION 



WAUft 0UTU1 



A mechanical draft tower forces air through the tower by a fan. If the fan is 
located at the base, it is a forced draft type that pushes air toward the top of 
the tower. An induced draft type has a fan located at the top of the tower and 
pulls air from the bottom. 
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• Assignment 




* Read pages 1 - 37 in supplementary reference. 

* Complete job sheet. 

* Complete the self -assessment and check answers with answer sheet. 

* Complete the post-assessment and ask instructor to check your answers. 
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Job Sheet 





kNALYZE a power plant for auxiliary equipment 

* Obtain permission to inspect a power plant. 

* Insect the auxiliaries that support the turbine and boiler. 

* Identify by observation and interviews with employees: 

- Typt aid ports of the condenser 

- Air injector location 

- Saf ety fittings location and function 

- Feedwater heater arrangement 

- Deaerator arrangement 

- Evaporator arrangement 

- Use of cooling towers or ponds and their arrangement 

* Sketch the flow of steam through the power plant boiler, turbine and 
auxiliaries. 
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Self 

Assessment 




Match the following terms and 

1. Condenser shell 

2. Water box 

3. Tube plates 

4. Feedwater heaters 
5 • Deaerator 

6. Air ejector 

7 • Evaporator 

8. Condenser gauge glass 

9. Hyperbolic cooling tower 



descriptive phrases. 

A. Used with bleeder turbines. 

B. Uses chimney type suction for 
air flow. 

C. Removes air and gases from 
condensate. 

D. Has a fan located at bottom. 

E. Made of welded steel construction , 

F. Removes mineral from feedwater. 

G. Made of cast iron. 

H. Made of brass or stainless 
steel . 

I. Shows level of condensate in 
hotwell. 



10. Induced draft tower 



J. Removes air from condenser. 
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Answers 







1. E 

2. G 

3. H 
A. A 

5. C 

6. J 

7. F 

8. I 

9. B 
10. D 
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Post 

Assessment 




1. A 



as feedwater to the boiler. 



pump i'tlls water from the hotwell and supplies it 



2. A 



transform exhaust steam into water. 



condenser uses river water or a cooling tower to 



3. A 



the condensate. 



condenser utilizes condenser steam for reheating 



4. 



condensers use a water spray to cool the steam. 



5. Cooling water leaks can be detected by an 
measurement with a dionic tester. 



5. Salt contamination of cooling water can be detected with a 
test. 



7. Most condensate pumps are 



type pumps, 



8. A 



removes air from the condensate and heats at the 



same time. 



9. The best supply of pure feedwater can be obtained by using 
evaporators . 



10. A mechanical draft cooling tower with a fan located in the base is a 
draft type. 
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Answers 




1. Feed pump 

2 . Surface 

3. Regenerative 

4. Jet 

5. Electrical purity 

6. Silver nitrate 

7 . Centrifugal 

8. Deaerator 

9. Bleed steam 
10. Forced 
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* Correspondence Course. Lecture 2, Section 4, Third Class. 

Southern Alberta Institute of Technology. Calgary, Alberta, Canada. 
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SOUTHERN ALhKHTA INSTITUTE OF TECIINOKuCY 
CALGARY, ALBERTA 

Power Engineering Department 
Correspondence Courses 



SECTION 4 

Third Class 

PRIME MOV KKS and AUXILIARIES Lecture 2 



STEAM TURBINE AUXI LIA RI ES 



INTRODUCTION 



A very large proportion of the electrical energy generated throughout the 
world is still -reduced through the medium of steam in power stations, in which 
the generators are steam driven. There are many plants using water turbines 
internal combustion engines or gas turbines, but the steam turbine still remains 
the most important prime mover of all. The recent development of nuclear power 
stations has provided an entirely new means of heat supply but to date this heat 
supply has been utilized to produce steam for use in steam turbines. 

Steam turbines have been described in an earlier lecture, this lecture 
will discuss some of the items of plant which serve as auxiliaries to these prime 
movers. 



Fig. 1 shows a simple steam power plant in diagrammatic form Heat 
released in the boiler furnace, is transformed through the medium of steam pro- 
duced in the boilwr, into mechanical work at the turbine shaft. 
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^rSTpTSv. 1 - The heat exchanger supplies heat <° £ ~ ^ 







Reactor 





Circulating Pump 




Cooling 
Water 



Feed Pump 



Condenser 



-^JvrirS Hotwell 



Fig. 2 

The heat source for the cycle is derived from the "burning "of nuclear 
LtgVolT' 0 ' an<1 h6at ^ tranSferred '° ' he he! " ™^ 

The prime purpose of the steam in any power plant is to supply the tur- 
.ne w,th heat energy which it can transform into mechanical power However 
here are several auxiliary items depending upon steam supply, which are essen- 
tial to efficient and economic turbine operation, reessen 

Kxamples are feedwater heaters, evaporators and deaerators CXhcr 
ZZT^ mae °" * S ' mUarprinCip,e inClU " eS tensers, air heater! ! oil 

A convenient group title for this type of auxiliary plant item would be a 

ind™ du X , C TT "• f °" OWing Wi " apP ' y * e "" M y <° exchanged; th 
individual plant items will then be described in turn. 

Kane „ra,Xr r h P ' anl °" en nCcessai > to « a ™ «P °r cool down one sub- 
hea exel an Z h "* taaat " °< heat fr ° m «• ««." to another in a 

I- no, ""«• thls «— steam, gas. air - „ 
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( In almost all cases these heat exchangers operate on a surface heat trans- 

fer principle. That is, the two fluids are separated by a conducting material such 
as brass, copper or cupro nickel, and do not come in direct contact with each 
other. 

The basic principle upon which all heat exchangers work is as follows: 

1. There must be a difference in temperatures between the hot 
and the cold fluid. 

2. The heat transfer will always take place from the hotter to 
the colder body. 

3. The rate of heat transfer will depend on the temperature 
difference, the thermal resistance to heat flow of the material 
separating the two fluids, and the area of transmitting surface 
considered. 

Expressed as an equation this can be written: 
Q = k x A x Temperature difference 
where Q is heat transfer, kJ/unit time 

A is area considered in square metres 
k is the thermal conductivity of the material 

What does this mean in practical terms? 

Consider the case of a condenser which is receiving the exhaust steam 
from a turbine. 

Q ( heat transfer ) is the heat being transferred from steam to 
cooling water. 

A is the surface area of the condenser tubes through which the 
heat passes, 

k is the thermal conductivity of the condenser tube walls 
( together with any films of scale, etc ). 

Finally, the temperature difference is that between incoming exhaust 
steam flowing over the condenser tubes and the cooling water flowing through the 
condenser tubes. 



( 
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If the load on the turbine increases, the quantity of steam flowing and 
consequently the heat to be transferred, Q, increases. 

In order to balance this increase there must be an equivalent increase on 
the other side of the equation. The thermal conductivity of the condenser tubes 
cannot increase nor can the cooling area, so the temperature difference from 
steam to water must increase. 

The available cooling water inlet temperature however, will be unable 
to decrease so that in fact the necessary increase in temperature difference 
appears as an increase in the turbine exhaust temperature;"'-. 

This is the same as saying that the turbine exhaust pressure has in- 
creased or that the condenser now operates at a reduced vacuum. 

In most plants the following items of plant auxiliaries are to be found; 
the subsequent paragraphs will describe each in turn. 

THE CONDENSER 

The largest heat exchanger in the plant is the condenser. It is necessary 
for practical reasons, to condense the steam to water after completion of its work 
in the turbine, because only in liquid form ( water) can it be recompressed to 
boiler pressure. 

This necessary condensation of the steam causes the biggest single heat 
loss in the steam power cycle. The latent heat contained in the steam entering 
the condenser is transferred to the cooling water and dissipate' 1 to the atmosphere 
via the cooling tower or river. 

The above applies to a plant working on a condensing cycle. If the exhaust 
steam from the engine or turbine could be usefully employed for heating or process 
work, the overall plant thermal efficiency would become considerably higher. 
Typical figures for these plant thermal efficiencies might be 2Q'7 ( when exhausting 
to the atmosphere, 30 f / f when condensing and H0% or even higher when the exhaust 
heat is used for heating or process. 

There are several types of condensers in use, the most common being 
the surface condenser. 
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The Surface Condenser 

The main purposes of a surtace condenser can be stated as: 

1, To produce and maintain a vacuum at the turbine exhaust, thus 
allowing the steam to expand down to a lower pressure and so 
do more work. 

2, To conserve pure boiler feedwater by condensing the exhaust 
steam which is subsequently returned to the boiler. 

3, To act as a deaerator by removing air and other gases from 
the condensed exhaust steam. 



( 




TURBINE HOUSE 




NORMAL 
LEVEL 
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RIVER 
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Condenser using Cooling Water from River 
Fig. 3 



condenser 
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sprays U P Condenser using Cooling 
water Water from Cooling Tower 



Fig. 4 
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Fig. 3 shows a plant with a surface condenser using river water for 
cooling. Fig. 4 shows the layout of a condensing plant using circulating water 
from a cooling tower. In Fig. 5 the condenser is air cooled using finned tubes 
shown in Fig. 6; the steam flows inside the tubes and air flows around the tubes. 



NECKHECE 



BACK WATER 
BOX 



Aid COOLING SCCTfeN 



TUBE SHEET 




CIRCULATING WATER 
INLCT 



^ front water 

BOX 



AIR COOLINO SECTION 



TUBE SHEET 



STAYROOS 



{ WATER BOX 

W „ COVER 



JOINT 



SHELL 



HOT WEIL 



CIRCULATING WATER OUTLET 



SUPPORT PLATES 



CONDENSATE PUMP 
CONNECTIONS 



Surface Condenser 

Fig. 7 shows one form of condenser design and names the various parts. 
1 # The Shell - 

The shape of the shell may be cylindrical, oval or for large shells, 
rectangular. The shells are of welded steel construction reinforced with external 
ribs. The exhaust neck and hot well are welded to the shell, supporting plates 
welded to the shell support the shell as well as the tubes and dampen the tube 
vibrations. 

The condenser feel welded to the shell are, lor small condensers, bolted 
solidly to the foundation and expansion bellows between turbine and condenser allow 
for thermal expansion and contraction. 
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rho best solution for large condensers is to mount the condenser on 
ilexible mountings and couple it rigidly to the turbine. In the case oi a lanre 
turbine where a flexible coupling is used, the forces due to vacuum are often con- 
siderably greater than the weight of the condenser and therefore a rigid coupling 
is preferable. p B 

2, Tube-plates 

Condenser tube-plates are usually Admiralty brass ( 71% Cu + 28% Zn ♦ 
1% Sn ) or Mum. metal < 60% Cu + 40% Zn ) 25 to 40 mm thick. They are bolted 
to he shell flanges with collar bolts as shown in Fig. 8, allowing removal of the 
wuterboxes without disturbing the joint between shell and tube-plate. 




Detail of Collar Bolt 



1 he tube-plates of brass or Muntz metal for large condensers are very 
expensive and may not be available in the sizes required. This problem has been 
solved with the application of welded steel plates with stainless steel cladding 

Water-box of welded fabrication showing the tube-plate 
welded in position and the protective coating on the water side 

The tu!x*-plat<* is rlail with Mamlrss steel on the water side. 




Wat(T-lx)X 
Tube-plate 

Stainless steel cladding 
I'roteftive coaling 



A 



Water side 
Sleani side 



Fig. 9 
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3. Condenser Tubes 



A large heating surface can best be obtained with small diameter tubes, 
These also give the best heat transfer as the required .vail thickness is very 
small. The tube material must be corrosion resistant and must be a good con- 
ductor of heat. The tube material may be Admiralty brass, aluminum brass 
( 77.5% Cu + 20.5% Zn + 2% Al ) or cupro-nickel ( 70 - 90% Cu + 30 - 10% Ni ). 
Condenser tubes are available in sizes of 16 - 19 - 22 and 25 mm. The larger 
the condenser the larger would be the tubes used. 



Tubeplate 



Steady Plate 



Tubeplate 




( 




WATCH 



Tube secured at both ends with Ferrules 
Fig, 10 



Tubeplates 




MTTALLIC RING 




Tube expanded one end only 



The tubes can be installed with 
ferrules, metallic or fiber packings, by 
roll-expanding, or with combinations such 
as inlet end expanded and belled, outlet 
end packed or ferruled. ( see Figs. 10, 
11 and 12 ) In some condensers the tubes 
are welded into the tube plates when tubes 
and plates are of practically the same 
material such as Admiralty brass tubes 




WATER , 






Tube expanded both ends 
Fig. 12 



( PE3-4-2-9 ) 



9 

ERIC 



151 



10 - 



in Admiralty brass plates or cupro-nickcl tubes in eupro-niekei plates. See Fig. 
13. 




Admiralty Brau Tubti in Naval Bran Tub« Shot. Cupro NI'UI Tubti In Cupro NIcW Tub« Shot. 



Appearance oi Typical Welds 
Fig- 13 

Allowance must be made for differential expansion of tubes and shell. 
Packed tube-ends may allow the tube to move axially in the packing, For expanded 
or welded tubes the shell is usually equipped with an expansion joint ( Figs. 14 and 
15). 




Fig, 15 

I. Watcrboxcs 

The classic material for t he watcrboxcs has always been cast iron, 
Waterboxes arc usually bulled to the shell with the tube-plate collar bolts ( rig, s ) # 
Hinged end covers allow for tube replacement, inspection, lube-eleaning and tube- 
plugging. 

The watcrboxcs lor large condensers arc, for economical and practical 
reasons, of fabricated steel, and welded to the shell or they may be an integral 
part of the shell as shown in Kig, 9 where the waterbox has a coating of rubber 
or glass-fibre ivinlureed epuxv resin as corrosion protection, because? in this 
cast* seawater is used as cooling water, 
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Stay-rods between tube-plate and waterbox end cover support both 
against the forces of the cooling water pressure ( Fig. 7 ). 

5. Cooling Water ( C.W. ) Flow 

The condenser may be designed for counter flow where the C.W. enters at 
bottom and discharges at the top of the waterbox, while the steam flows down 
through the condenser. Another design features parallel flow with C.W. entering 
the top and discharging at the bottom of the waterbox and this method reduces sub- 
cooling of the condensate ( Fig. 7 ). Double pass C.W. is the most common for 
small and medium size condensers, as this design gives a fairly short condenser 
of large diameter ( Fig. 7 ). When the condenser tubes exceed 7-8 metres it is 
more practical to make single pass, thereby reducing the height of large condensers. 

Most medium and large condensers have double flow C.W. with vertical 
divided waterboxes making it possible to shut down one half of the condenser, 
while operating on the other half at reduced load. This allows tube cleaning with- 
out shut downs. 

6. Arrangement of Tube Banks 

The performance of the condenser depends to a large extent on the 
arrangements of the tube banks. 

Air pockets between tubes must be avoided as the air prevents steam 
from coming in contact with the tubes and thereby taking heating surface out of 
service; the same goes for tubes submerged in condensate. 

Sub-cooling of condensate must be avoided for the sake of heat losses 
and poor deae rating as sub-cooled condensate quickly absorbs oxygen. 

The condensate around the tubes will always be sub-cooled, or all further 
heat transfer would cease due to lack of difference in temperature between steam 
and condensate. Proper tube arrangement makes it possible to reheat and deae- 
rate the condensate with available steam in the condenser, and this type of con- 
denser is termed "regenerative ". 
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7. Down Flow Condensers 

Fig. 16 shows a down How condenser where the steam flows vertically 
down, steam lanes are provided to allow steam to flow to near the bottom of the 
condenser for reheating of condensate. The heavy concentration of tubes under 
the air suction baffles prevents steam from entering the air ejectors. 
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Down Flow Condenser 
Fig. 16 

S, Central or Radial Flow Condensers 




Central Flow Condenser 
Fig. 17 



A central or radial flow condenser is shown in Fig. 17. The steam flows 
around the tube bank and radially in against the centre and, as air always follows the 
steam, the air suction is from the centre of the tube bank. 

With large quantities of exhaust steam it is very important that every 
square metre of cooling surface is active and large steam lanes are required. 
Fig. 1H shows the tube arrangement for a large condenser, the individual tube 
banks are of radial flow design with air coolers and air extraction in the central 
part of the tube banks. 
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Large Condenser with Radial Flow Tube Banks 



The Jet Condenser 

This type of condenser uses the principle of spraying cooling water into 
direct contact with the incoming exhaust steam in order to condense it. The com- 
bined cooling water ( coolant ) and condensed steam ( condensate ) is then taken to 
the hot well. 

The feed pump draws from this hotwell only the quantity of feed required 
by the boilers, the remainder overflows into the cooling pond where it is cooled 
and returned to the condenser again as cooling water. 

This arrangement has the definite disadvantage that the entire cooling 
water quantity must be chemically treated to maintain boiler feed water purity, 
and for this and other reasons there are very few jet condensers in operation today, 
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Fig. 19 shows diagram matically the operation of a jet condenser. 

Steam In 
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Jet Condenser 
Fig. 19 



Condensate and coolant 



Fig. 20 ( a ) and ( b ) show two methods of application of the jet condenser. 
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.Jet Condenser Applications 
Fig. 20 
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In Fig, 20 ( a ) the condenser is set at a low level, the air and condensate 
are pumped from the condenser and the cooling water is induced to flow in by 
vacuum. 

In Fig. 20 ( b ) the condenser is set about 35 feet above the level of the 
hotwell so that the head of water ( condensate and coolant ) in the discharge pipe 
is sufficient to cause it to fall into the hotwell against the vacuum in the condenser, 
without pumping. This is a so-called ,f barometric leg M # The cooling water must 
be pumped into the condenser and the air pumped out. 



The cooling water flows into the condenser body through a series of con- 
vergent nozzles which increase its velocity, steam from the engine exhaust is 
induced into this cooling water flow and condensed by direct mixing. 

The ejector condenser is suitable only for moderate vacuum. Fig. 21 
illustrates the ejector condenser. 



Finally, the ejector condenser is a special form of jet condenser. 



Water Inlet 




Kjector Condenser 
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Condenser Auxiliaries 

It is impossible to avoid small quantities of air entering a steam turbine 
system in the areas which are under vacuum. These small air quantities accumu- 
late in the steam space of the condenser and must be removed continuously as the 
absolute pressure in the condenser according to Dalton' s Law is the sum of all 
partial pressures or the sum of the steam pressure and the air pressure; thus the 
air increases the condenser pressure and may air blanket part of the cooling 
surface. 

The usual means of extracting the air is by means of an air ejector, 
although in some cases an air pump, either reciprocating or rotary, may be used 
for this purpose. 



1. The Air Ejector 



In the ejector, high pressure steam is allowed to expand through a nozzle, 
thus converting its heat energy into kinetic energy and producing a high velocity 
jet at the nozzle discharge. This jet is used to entrain air and other non-conden- 
sibles and draw them from the condenser space. Most condensers have baffle 
plates to guide the air to special air coolers at the air extraction points. 

Fig. 22 shows a two-stage steam operated air ejector. High pressure 
steam up to .3000 kPa is supplied to both nozzles and allowed to expand through a 
small orifice. The resulting high velocity steam entrains gases from the con- 
denser and carries them into the first stage shell- and -tube condenser. Here 
the steam is condensed and the remaining non -condensibles are drawn off again 
by being entrained in the steam jet from the second stage nozzle. 

The steam is condensed in this stage but here the pressure is maintained 
slightly above atmospheric pressure so that the remaining air and gases can be 
vented to the atmosphere. The condensed steam is drained off to a drains tank. 

The pressure in the first stage ejector cooler is below atmospheric but 
above condenser-pressure and the condensed steam is drained back to the con- 
denser; a loop seal on the drain piping prevent recirculation of non-condensibles. 

For high vacuum three-stage ejectors are used and the second-stage 
ejector cooler condensate is drained via a loop sealed drain pipe to the first-stage. 
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Fig. 22 



1010" 

Section of .1 two-stage air elector with ir'er and after 
surface coolers. 



The cooling water for the ejector cooler in Fig. 22 is condensate from 
the extraction pump, it enters at M lt flows through the inner tubes N to the 
closed top of the outer tubes O, down through the outer tubes to chamber Pj over 
to chamber I J 2 , up through the outer tubes and down through inner tubes and out 
at My. The use of condensate makes the ejector coolers a kind of feedwater 
heater recovering the heat losses of the jet steam. 

The orifice of the ejector nozzle is oxtremely small and care must be- 
taken to see it does not become choked with foreign matter from the supply steam 
pipes. A fine mesh steam strainer is usually fitted upstream of the nozzles for 
this reason. Water ejectors working on the same principle as the ejector eon- 
denser ( Fig. 21 ) are often used as air ejectors. The ejector is supplied with 
cooling water from a booster pump at <>()() to MOO kl'a. 



15J 



9 

ERIC 



2. Condenser Safety Fittings 



A condenser would not be complete without certain safety fittings, designed 
to protect both the condenser and the turbine exhausting into it, against possible 
operating troubles. The main dangers to be guarded against are: an increase in 
back pressure, a rise in condensate level, and contamination of condensate. 

a ) Atmospheric Relief Valve 

The condenser is a closed vessel and therefore it would be possible for 
the back pressure to rise until it was above atmospheric pressure if, say, the 
cooling water flow stopped while the condenser was on load. A condenser shell 
is not designed to withstand a pressure from the inside and would soon burst. 

The atmospheric relief valve is designed to open if the pressure in the 
condenser rises above atmospheric and allow the steam to escape from the shell. 
Under normal operating conditions this valve is held closed by the difference in 
pressure between the atmosphere outside and the vacuum in the shell. In order 
to ensure that air does not leak past the valve into the condenser, it is usually 
fitted with a water seal. It operates on a balanced lever and should be tested at 
frequent intervals when the machine is off load to ensure that it is quite free. 

Note that since the purpose of the atmospheric relief valve is to vent the 
full flow of exhaust steam to atmosphere it is necessarily of considerable size. 

Vor large condensers the atmospheric relief valve is replaced with 
explosion diaphragms on all L. P. turbine exhausts. Other protective devices 
lor condenser pressure are: vacuum pay-off relays and vacuum trip relays. The 
vacuum pay-off relay is incorporated in the turbine governor system and is usually 
set to operate between 10 kPa and 40 kPa absolute pressure, so that unloading of 
the turbine begins at 10 kPa and the turbine is fully unloaded at 40 kPa. 

The vacuum trip relay is set to trip the turbine at 50 kPa. 

b ) Condenser Cage Glas s 

This gives a clear indication of the level of the condensate in the conden- 
ser hot well. The top and bottom of the glass are connected above and below the 
water level and the whole of the fitting is under condenser vacuum. 

Care must lie taken to see that there are no air-leaks in the lilting, 
particularly through the cocks. A board, painted with diagonal stripes and placed 
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behind the glass makes the water level easier to read. 

c ) High Water-Level Alarm 

The indication of condensate level given by the gage glass is often supple- 
mented by a float-operated alarm to give warning of high-water level. 

A steadily rising condensate level would very quickly seal off the air 
outlet, the vacuum space would become filled with non-condensible gases, the 
back pressure of the exhaust steam would increase and the turbine output would 
fall. 

d ) Detection of Cooling Water Leaks 

If a condenser tube is damaged, or a ferrule begins to leak, cooling wate 
can find its way into the steam space of the condenser and contaminate the con- 
densate. It is most important that this can be recognized at once and corrected. 
There are several methods employed for this purpose, the most common being 
an electrical purity measurement. 

Cooling water is a very good conductor of electricity because of its 
impurities, whilst the very pure condensate is a non-conductor. Leakage of 
cooling water into condensate may therefore be detected by taking readings of 
the electrical conductivity of a sample of condensate in a dionic tester. 

The presence of salt in water can be detected chemically by the silver 
nitrate test, this method can be used when the cooling water is salt. When the 
condensate sample contains traces of sodium chloride, the sample will tarn 
milky-white when a few drops of a silver nitrate solution is added. When leakage 
has been confirmed the. repair must be made as soon as possible. 

If the condenser is of the single flow type, the condenser must be taken 
out of service for repair. When the turbine is shut down, the waterboxes are 
drained and the inspection doors opened. 

The steam space can be filled with clean water, but before doing so, the 
supporting or jack-screws should be applied to carry the weight of the condenser. 

With the steam space under water pressure the water will leak out of 
the leaky tube. However, the leaks detected by the conductivity meter may be 
very small and approximately 25 grams of fluorescin dye, a yellowish-red cry- 
stalline compound may be added. The water from the leaky tube will then show up 
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fluorescent green in the light of a special detector lamp. 

Large condensers are usually of the double flow type with tubes expanded 
at both ends and have the advantage that leaky tubes may be located and plugged 
while the unit is at 50% load or less. The procedure is: drain one side of the 
waterbox, the conductivity meter will indicate if that is the leaky side or not. 
When the leaky side is detected, it is drained. 

It is very important to isolate the air ejector suction on the drained side, 
because the air ejector will be choked with steam as the air cooler is out of 
service. With a clear plastic hose hooked up as gage glass for the waterbox, it 
is filled, say, 25 cm at a time and the conductivity meter is checked each time; 
when conductivity shows the leak, it should be within 25 cm of the waterlevel and 
that area will, as soon as the waterbox is drained again, be investigated for leaks 
by covering the tubes at both ends with thin household plastic wrapping taking a 
small area, say, 25 x 50 cm at a time. The condenser vacuum will suck the 
plastic in at the leaky tube, when the plastic bursts the leak is located. The tube 
is plugged at both ends with wooden plugs and the condenser is brought back into 
service again, 

e ) Air Leaks 

Air leaks may be quite large, approximately 4-5 mm in diameter, 
before they interfere with the vacuum. The air ejector can usually handle any 
leak smaller than that. There is in most eases only one way to detect an air leak, 
that is to shut down the turbine and condenser and fill the low pressure heaters 
and the condenser steam space right up to the turbine blades with water, and the 
leaks should not be difficult to locate. 

3. Circulating Water ( CW ) Pumps 

These pumps, which are also referred to as cooling water pumps, are 
used to pump water through the tubes in a surface condenser. The water is usu- 
ally pumped from a river or lake and after passing through the condenser is 
returned to the river or lake once again. In locations where there is a water 
shortage, the water, after leaving the condenser, is cooled in a cooling tower and 
returned once again to the condenser for re-use. 
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A type of pump commonly used for circulating water service is the 
vertical pump shown in Fig. 23. It may be an axial-flow f also called propeller 
type pump, where the impeller is the shape of a ship's propeller; or it may be a 
M mixed -flow 11 pump obtaining its pump- 
ing action from a mixture of centrifugal 
force and the lifting effect of the impel- 
ler vanes. The pump bearings may be 
oil lubricated bronze or babbitt lined 
bearings or they may be nylon- or hard 
rubber-bearings with clean water in- 
jected at the centre of the bearings 
for continuous flushing and lubrication. 



Pump w 
Motor 



< 



The vertical design makes the 
pump length variable by adding more 
sections of pump casing and shaft. 
This is important as the impeller nust 
be submerged for proper operat* » 
and it also eliminates the need ' 
priming the pump. 

The axial thrust on the impel- 
ler caused by the discharge head to- 
gether with the weight of impeller, 
shaft and the rotor of the motor is 
carried by a large Kingsbury thrust 
bearing i\t the top of the motor. 

For large condensers the 
propeller pump^has been replaced 
with large single stage, double suction, 
vertical centrifugal pumps, a design 
that eliminates axial thrust. 

The same type of pump, but 
in a small and horizontal version is 
often used for small condensers. 



Discharge-^ 



Level of 
Impeller 



If not submerged the centrifugal 
pumps must have an arrangement for... 
priming. 



i — Suction 

Vertical Mixed Flow CW Pump 
Fig, 23 
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4, Extraction ( Condensate ) Pumps 

The function of the extraction or condensate pump is to continually extract 
the condensate from the condenser hotwell and pump it through air ejector coolers 
and low pressure heaters into the deaerator. 

Except for handling clean condensate, the extraction pumps operate under 
very severe conditions as the suction pressure is near absolute zero pressure, 
the condensate is near the boiling point at the entrance to the pump and it must 
keep nearly constant level in the hotwell at any load on the condenser. It is stan- 
dard practice to have two 100% extraction pumps for each condenser. 

The extraction pump is usually a centrifugal pump with two or three 
stages. Fig. 24 shows a two-stage horizontal extraction pump, the first stage 
has a double suction impeller and discharges the condensate in a split stream to 
the two opposed second-stage impellers working in parallel. 




The glands are watersealed, to prevent the entrance of air when the 
pump is on .stand-by. In service the glands are exposed to the pump discharge 
pressure. For the proper operation of an extraction pump, the pump musl have 
an air release connection from the pump discharge back to the condenser, or a 
small equalizing connection from discharge back to the suction. When the pump 
during low load loses the condensate, the pressure across the pump will equalize 
through the equalizing connection, or the air, release; and condensate will again 
be extracted from the condensers as it becomes available for the pump. 

The very low N.P.S.H. of extraction pumps makes cavitation much more 
common in these pumps than in any other pumps. For reduced cavitation the vert- 
ical well type extraction pump ( Fig. 20 ) is preferred. The flange of the well is 
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level with the floor and the suction head is increased, The well is air-tight with 
an air-release line leading back to the condenser, These pumps have the advantage 
of better performance and less cavitation. 




Vertical Condensate Pump 
Fig, 25 
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Vertieal Multistage Condensate* 
Pumps of the Turbine Type 
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As explained previously the latent heat ot the turbine exhaust steam is 
lost to the condenser cooling water. The application of feedwater heaters w here 
the latent heat of bleed steam is used for heating feedwater, reduces the (|uantit\ 
of steam exhausted to the condenser and increases the efficiency. The feedwater 
heaters are divided into low-pressure and high-pressure heaters. The low- 
pressure heaters are on the water side exposed to the discharge pressure of the 
extraction pump, while the high-pressure heaters usually are exposed to the 
boiler feedpump pressure on the water side. 
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Fig. 28 shows the feedwater heater system for a large steam turbine. 
The condensate passes through the air-ejector coolers, drain-cooler, low pres- 
sure heaters into the deaerator heater. 

The boiler feed pump then pumps the deaerated water from the deaerator 
through a series of three high pressure heaters to the boiler. The feedwater 
heaters, both high pressure and low pressure, and the deaerator are all supplied 
with steam bled from various stages of the turbine. 




Feedwater Healer System 
Fig, 2o 
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Low pressure heaters are usually of a straight-tube design, tubes and 
tube-sheets are of brass, the shell is of mild steel, the waterboxes are of steel 
or cast iron. The shell may have an expansion bellows or a floating waterbox as 
in Fig. 27 which allows for expansion and contraction. 

The boiler feed pump forces the feedwater through the tubes of the high 
pressure heaters. These tubes are of carbon steel and the M U "tube design is 
general due to the excellent and simple solution for expansion and contraction. 
( Fig. 29 ) The tubes may be expanded or, most common today, welded to the 
tube plate ( Fig. 30 ). 




High Pressure Feedwater Heater 
Fig. 29 
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Stdcjos ol tube welding process 

< 

a The tubes and the holes in the tube plate are 
thoroughly cleaned; a ring is placed over the pro- 
truding tube ends and the end part of the tube is 
slightly expanded 

b The ring made of special alloy ;s melted using an 
automatic argon arc welding gun 

c The weld is checked for gas-tightness 

d The spaces between the tubes are filled up by 

hand welding; this is followed by heat treatment and 
surface treatment 



Hi aU-r Fittings 

For the operation, maintenance and safety ol leedwatcr heaters, the 
following valves are installed: 

Safety Valve on steam side. 

Relief Valve on the waterbox to prevent excessive pressure due to thermal 
expansion of the water when the waterside is isolated. 
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Bleed Steam Stop Valve and Non- return Valve - the non-return valve prevents 
steam from the heater entering the turbine, which may occur when the turbine 
load is suddenly reduced. This causes the bleed steam pressure to decrease and 
part of the condensate in the feedwater heaters flashes into the steam, which if 
allowed to enter the turbine, would cause it to increase speed after the overspeed 
trip has closed the turbine main stop valve. 

Drain Valve on steam side for draining ofi condensate. 

Drain Valve on water box for draining off waterside for maintenance. 

Air-release Valve on steam side for air-release to the condenser, as air 
trapped in feedwater heaters prevents steam from coming in contact with the air- 
bound tubes. A low-pressure heater with isolated air-release connections may 
become completely air-bound and no heat at all will be transferred to the feedwater. 

The condensate from the steam space of a feedwater heater passes 
through an orifice plate in the drain line and drains to the steam space of a heater 
at lower pressure, see Fig. 28. For vertical heaters the orifice plates provide 
sufficient water level control for the heaters. The water level is much more 
critical in horizontal heaters and automatic level control valves are usually 
required. 

If the drain from the first low-pressure heater is allowed to drain back 
to the condenser, a considerable amount of sensible heat is lost in the condenser. 
This can be prevented by the installation of a drain cooler ( Fig. 31 ). The con- 
densate leaving the air-ejector coolers flows through the tubes of the drain cooler 
and most of the sensible heat of the drains is absorbed, before they are allowed 
to enter the condenser. In many installations a condensate return pump, replacing 
the drains cooler, returns the condensate from the heater steam space back to 
the main condensate pipe at the outlet from the low-pressure heater, in which 
case all the sensible heat from the drains is reclaimed. 
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Drain Cooler ( C.A. I\ Design ) 
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The deaerator or deaerator-heater serves a dual purpose as it heats 
and deaerates the condensate. 

Thermal deaeration is accomplished by heating the condensate to the 
boiling point liberating all dissolved gases. The deaerator must be designed to 
heat the condensate to the boiling point at the rate at which it is pumped by the 
extraction pump. This is usually accomplished by mixing steam and condensate. 
A mixing-deaerator of simple construction is shown in Fig. 32. At the top of the 
deaerator the condensate flows through a nozzle into the top of the steam chamber, 
where it mixes with bleed steam increasing the temperature to near the boiling 
point. The water cascades in a thin sheet down over a series of trays, where 
most of the deaerating takes place. 



The deaerator is usually 
located on top of the feedwater tank, 
( deaerator and tank are generally 
considered as a unit and called the 
deaerator ). The deae rated conden- 
sate flows down into the tank while 
the non-condensible gases flow to the 
top, where they are vented off to the 
main condenser. 

It is very common to install 
a vent or vapor condenser on the 
top of the deaerator as shown in 
FiK. 33. 



I 



Brown Boveri Deaerating Mixer 
Heater 

FiK. 32 
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WATER OUTLET 

Tray-type Direct -contact Heater 
( Foster Wheeler Corp. ) 

Fig. 33 

The condensate Jfrom .he L # P. heater flows through the tubes of the vent 
condenser before entering the deaerator. The non-condensibles and water vapors 
enter the vent condenser and flow around the tubes, the vapors condense and re- 
turn, through a loop-sealed drain pipe, to the deaerator. The loop-seal prevents 
recirculation of non-condensibles. The non-condensibles are drawn off from the 
top of the vent condenser to the main condenser. The vent condenser reclaims 
the latent and sensible heat of the vapors. 

The non-return valve in the bleed steam piping to the deaerator prevents 
the deaerator from acting as a steam accumulator supplying the turbine with 
steam after a sudden load reduction. 
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The deaerator tank usually has a low level float switch, which at low 
level opens a control valve allowing water to flow from a reserve feed tank into 
the condenser for deaerating before it is pumped to the deaerator by the extraction 
pump. A high level float switch opens a control valve allowing condensate to by- 
pass the deaerator and flow to the reserve feedwater tank. 



EVAPORATORS 

Most high pressure boilers require pure feed water, either demineralized 
water or distilled water. The make-up water, replacing the water losses due to 
soot -blowing, atomizing steam for oil burners, blow-down from boilers etc. , must 
be pure water. 

The most effective way of producing pure water is by bleed steam evap- 
orators, where steam bled from the turbine at 120 kPa - 250 kPa is applied to the 
evaporator steam coils, and the steam or vapor produced by the evaporator is 
condensed in a low-pressure feedwater heater operating as an evaporator conden- 
ser; see Fig. 28. Practically all heat from the bleed steam is recovered except 
for the heat losses due to blow-down of the evaporator. 




Submerged-coil Evaporator 
( Foster Wheeler Corp.) 
Fig. 34 
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The shell is made of fabricated steel, the rear end of the shell is closed 
by a welded-on formed head, the front is open with a welded-on hub-type forged 
flange. The front cover is a formed head with a welded-on heavy flange. The 
large front cover bolted to the shell allows for removal of the entire coil and 
header assembly which is supported on a steel frame equipped with flanged wheels 
rolling on tracks fastened inside the shell. 

The steam coils are all in parallel and fastened to the top and bottom 
headers which allows for free draining. The coils have several loops making them 
very flexible allowing descaling by cracking. 

Baffles on top of the coils and under the vapor outlet separate water from 
the vapor. This evaporator is designed*for operating with raw water, but treated 
or softened water is often used, depending on the quality of the raw water and the 
required quality of the distilled water. 

As water evaporates, the dissolved solids are left behind increasing the 
total dissolved solids in the water inside the evaporator. The evaporator must 
be blown clown frequently in order to keep the dissolved solids inside limits, to 
prevent foaming and carry-over. 

As a pressure vessel the evaporator must have a safety valve. The 
bleed steam inlet must have a stop and non-return valve, and the coil drain should 
have steam traps or for large evaporators water level control valves. A float 
control valve maintains the water level and a gage glass is installed directly on to 
the shell and indicates the water level. 

Good heat transfer requires clean heating surfaces. A fast and effective 
cleaning method is cracking where the evaporator is drained and steam is admitted 
to the coils. The expansion of the hot tubes may crack some of the scale. Then 
the steam supply is shut off and cold water is sprayed over the tubes. The con- 
l raetion of the tubes cracks off more scale. Repcatingthe cracking procedure 
several times takes care of most of the scale, but every so often the coil assembly 
must be taken out for complete cleaning of the coils as well as the inside of the 
shell. 
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COOLING TOWERS AND PONDS 

If a sufficient and suitable supply of cooling water for the condenser is 
not available, then some means must be used to re-cool any water that is available 
so that it can be used over and over again. 

To achieve this, either cooling towers or cooling ponds are used and in 
both methods the warmed water is cooled by exposure to the atmosphere and sub- 
sequent evaporation of a portion of the water. 

In the case of a cooling pond, the warm water is discharged to a pond of 
sufficient area to allow it to be cooled by contact with the air at the surface of the 
pond. If the water is sprayed into the air above the pond surface, then the pond 
area can be considerably reduced as the spraying will provide additional contact 
between water and air. 

In the case of a cooling tower, the warm water is delivered to the top of 
the tower and falls by gravity over an arrangement of splash bars to a reservoir 
at the bottom. The air is caused to rise up through the falling water by natural 
draft or by mechanical draft. The natural draft type uses a chimney or stack to 
induce a flow or air through the tower while the mechanical draft type uses a fan 
to cause the air flow. 

Natural Draft Tower ( Hyperbolic Type ) 

The hyperbolic natural draft cooling tower consists of a lower and an 
upper portion. The lower portion is the cooling section which contains wooden 
splash bars over which the warm water falls as it travels to a collecting basin or 
reservoir directly below the splash bar section. The air enters around the peri- 
meter of the splash bar section. The upper portion of the tower is a hyperbolic 
shaped section constructed of reinforced concrete. This section acts as a chimney 
to induce the flow of air through the cooling section. 

The hyperbolic tower has the advantage of high capacity, low power con- 
sumption, long service life and a minimum of maintenance. It does, however, 
have a high initial cost. The sketch in Fig. 35 shows the general arrangement of 
a hyperbolic tower. 
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Hyperbolic Tower 
Fig. 35 
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Mechanical Draft Towers 

The mechanical draft tower may be either a forced draft type, or an 
induced draft ty pe . 

In the forced draft type, the air for cooling is forced through the tower 
by a fan which is located at the base of the tower. 

In the induced draft type, the fan is located at the top of the tower and 
draws air in through louvres situated around the tower base. The air passes 
upwardly through the falling water and then passes through baffle type drift elim- 
inators which separate any entrained moisture from the air. The air is then 
discharged at a relatively high velocity by the fan. 

The induced draft tower is more commonly used than the forced draft 
type as it has the following advantages: 

1. As the air is discharged at high velocity, it is not likely to 
recirculate back to the inlet around the tower base. 

2. The fan is not likely to ice i p at* it is in the path oi the warmed 
air being drawn from the tower, 

3. The noise of the fan is not so noticeable as it is located at the 
top of the tower rather than at the bottom. 

An induced draft tower arrangement is sketched in Fig. 36. 
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Induced Draft Tower 
Fig. 36 



STARTING AND STOPPING STEAM TURBINES 

In the following sections the general methods of starting and stopping 
non-condensing and condensing iteam turbines will be discussed. It is not possible 
to give detailed instructions because of the large number of different makes and 
designs of these machines, each of which differs in some detail from the others. 
Therefore the plant personnel who are required to operate the particular turbine 
should consult and become familiar with the instruction books issued by the manu- 
facturer of the machine. 

Starting a Small Non-condensing Turbine 

1. Check that governor linkages are well lubricated and grease cups 
if used are filled. Check oil level in bearing sumps if bearings 
are ring oiled or check level in main oil reservoir if a pressure 
lubricated system is used. 

2. Make sure that all condensate is drained from steam lines and 
exhaust lines. If these are normally drained by means of traps 
then open by -pass lines around traps. 

3. Slowly open the shut-off valve between the turbine and the exhaust 
line. 

4. If the turbine is equipped with a pressure lubricated system having 
a separately driven oil pump, then start the pump. Check that 
sufficient oil pressure and flow is established. 
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If bearing oil sumps or oil reservoirs are water cooled, then 
turn on water supply to them. 



G t Partly open the throttle valve quickly to start the turbine rotor 
turning. Then close the valve again to the point where the rotor 
continues to turn slowly. Listen carefully for any noise that 
indicates rubbing of the rotor against the casing. In case of ring- 
lubricated bearings check the operation of all lubricating rings. 

7. If no unusual noises are detected, increase the turbine speed 

to between 200 and 300 rev/min. Maintain this speed for about one 
half hour to allow rotor and casing to reach operating temperature. 

8. Trip the overspeed valve by hand to check its operation. 

9. Restart the turbine as in Item 6 and bring turbine up to rated speed. 
Check that as the machine approaches this rated speed, the governor 
takes over control and maintains this speed. The throttle valve may 
now be opened wide. 

10. If a main oil pump driven by the turbine is installed then the separately 
driven auxiliary oil pump may now be shut down. Check oil pressure 
and flow once again. 

11. Steam line drains and trap by -passes may now be closed. 

12. Increase load on turbine gradually. 

Stopping a Small Non-condensing Turbine 

1. Reduce turbine load to zero. 

2. If a separately driven auxiliary oil pump is used, start this pump. 

3. Shut off steam supply to the turbine by manually tripping the over- 
speed trip valve. Then shut the throttle valve. 

4. Shut off water supply to oil coolers. 

5. When turbine comes to rest, shut the exhaust line valve. 
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Starting a Large Condensing Turbine 

1. Two to three hours before steam will be admitted to the turbine 
start the lubricating oil pump. The pump supplies lubricating 
oil at 75 to 100 kPa to the bearings. 

2. Start the jacking oil pump which supplies lubricating oil at 8000 - 

10 000 kPa to the bottom of the bearings in order to float the shaft. 

3. Engage and start the barring gear. The barring gear is usually 
electrically interlocked by a lubricating oil pressure switch and 
and engagement switch. 

4. When the barring gear is up to speed, shut down the jacking oil 
pump. 

5. When the turbine has been barring for two to three hours, open 
drain valves on steam line and turbine casing and open trap 

by -passes, 

6. Start auxiliary oil pump. If it is automatic, turn selector switch 
to " auto " to start the pump. This is a separately driven oil pump - 
which supplies lubricating oil at 75 - 100 kPa and governor oil at 
550 - 650 kPa during start-up and shut-down periods. 

When the turbine is in normal operation this oil is supplied by the 
main oil pump, which is driven by the turbine shaft. The main 

011 pump pressure is set slightly higher than the auxiliary oil 
pump pressure in order to make an oil pressure switch shut off 
the auxiliary oil pump when the main pump takes over. 

7. Shut down lubricating oil pump. If automatic it should shut down 
when the auxiliary oil pump takes over. 

8. After starting the auxiliary oil pump, check the oil pressure pro- 
duced, the oil flow to each bearing and the oil reservoir level. 

9. Start the circulating water pump and establish circulating water 
flow through the condenser. 

10. Start the extraction ( condensate ) pump and circulate condensate 
through the air ejectors. 

11. Admit sealing steam to the turbine glands. 

12. Put the air ejector into operation and draw a partial vacuum on 
the condenser. 
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13. Open the throttle or steam admission valve just enough to 
start the turbine rolling. 

14. Trip the overspeed valve by hand to see that it is free to 
operate. 

15. Restart turbine as in Item 13 and maintain it at a low speed 
while checking around the turbine listening and looking for 
anything unusual. 

16. Gradually admit more steam to turbine in order to slowly 
increase the speed. If any unexpected vibration occurs then 
decrease speed again and continue warming up until turbine runs 
smoothly when the speed is next Increased. 

17. Check that the governor takes over control when rated speed is 
reached. 

18. In some machines there is a manual over-ride on the governor that 
can be used to actually overspeed the turbine in order to test the 
overspeed trip mechanism. If this is the case, the overspeed trip 
should be tested by this method at this point. 

19. Reset the trip mechanism and bring the speed back up to normal 
once again. 

20. When the oil has reached the normal operating temperature, admit 
cooling water to oil coolers to maintain desired oil temperature. 

21. Stop the auxiliary oil pump and check that the main oil pump is 
maintaining correct oil pressure. 

22. The steam admission valve may now be opened fully and the turbine 
load slowly increased to the desired point. 

23. Drain valves may now be closed, 

stopping a Large Condensing Turbine 

1. Reduce turbine load gradually to zero. 

2. Shut off steam to turbine by manually tripping the overspeed trip, 
or by closing the steam stop valve manually. 

3. Shut down the air ejectors and break the condenser vacuum. 

4. Shut off cooling water to oil coolers. Sub-cooling of lubricating 
oil should be avoided. 
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5. As the turbine speed decreases, see that the auxiliary oil pump 
starts automatically at the correct point. If not automatic, start 
the auxiliary oil pump when the turbine speed is down to approxi- 
mately 75 ( L 

ti. Shut off gland steam. 

7. Shut down the extraction pump. 

8. Open the steam drain valves. 

9. When the turbine comes to a standstill, switch the auxiliary oil 
pump switch to "off M and the lubricating oil pump should start 
automatically. 

10. Engage the barring gear. 

11. Start the jacking oil pump. 

12. Start the barring gear. 

13. When the barring gear is up to normal barring speed shut down 
the jacking oil pump. 

14. When the machine is cooled off, stop the circulating water 

1 ... Keep the turbine barring for 24 hours, then shut down the barring 
gear, it should disengage automatically, but check for proper 
disengagement, 

1(5, Shut off the lubricating oil pump. 
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1. a ) Explain the purpose of an evaporator and describe how 

this purpose is achieved. 

b ) What causes high concentration of solids in an evaporator 
and how is this concentration controlled? 

2. Sketch a typical cleaerator and describe its operation. 

3. Sketch a typical low pressure or high pressure feedwatcr heater 
Include all necessary valves and fittings. 

•1. List three purposes of a surface condenser and explain how each 
purpose is achieved. 

.">. Sketch and describe the operation of a two-stage steam operated 
air elector, including ejector coolers with condensate drains. 

(i. Describe one method ol locating a leaking condenser tube. 

7. last three operating troubles ol a condenser and explain why each 
is undesirable and how each may be guarded against. 

s. Kxplain how and why condenser pressure will vary with ehan-es 
in turbine load. 

U. Describe the principle of operation of a direct contact condenser 
and give a disadvantage ol this type. 



in 



. or a steam turbine, with which you are familiar, lis, , he importan. 
data, such as: manufacturer, size, type, rpm, inlei and exhaust 
steam pressure; then describe the method of starting and stoppim- 
the turbine. ' 1 
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STEAM TURBINES — OPERATION AND MAINTENANCE 




Goal: 



The apprentice will be able to 
describe steps in operating and 
maintaining steam turbine 
equipment . 



ERIC 



Performance Indicators: 

1. Describe starting procedures. 

2. Describe operational procedures. 

3. describe stopping or shut-down 
procedures. 

A. Describe routine maintenance. 

5. Describe instruments, controls 
and supervisory equipment. 
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'Study Guide 





* Read the goal and performance indicators to find what is to be learned from 
package. 

* Read the vocabulary list to find new words that will be used in package. 

* Read the introduction and information sheets* 

* Complete the job sheet. 

* Complete self -assessment. 

* Complete post-assessment. 
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Vocabulary 




* Alignment 

* Blade fouling 

* Bridge gauge 

* Clearances 

* Diaphragms 

* Glands 

* Horizontal eccentricity 

* Kenotometer 

* Supervisory equipment 

* Vertical eccentricity 
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'introduction 





Steam turbine equipment is constructed xn many types and configurations. Each 
assembly will have unique features. The manufacturers instruction manual should 
be followed in the operation and maintenance of steam turbine equipment. Safe 
operation depends on following the recommended procedures in a sequential 
manner • 

This package will describe the general procedures for operating and maintaining 
steam turbines. Apprentices should learn the general procedures and then turn 
to operator manuals for information on the operation of specific turbines. 
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Information 




STARTING A TURBINE 



New Turbines 



When starting a new turbine for the first time, the operator should take great 
care to see that the internal parts of the turbine are clean. Feedpipes t 
condensers and other equipment should be cleaned to keep dirt out of the turbine 
blades. The system should be well lubricated before it is started for the first 
time. All safety devices 9 gauges and seals must be inspected or tested to 
assure that they are functional. 

Starting Instructions 

1. Check the condensing plant. Start the circulating pump. Make sure that 
pipes and water boxes are full of water and clear of air. 

2. Check lubrication system. Start auxiliary oil pump and check bearings and 
valves for oiling. Start jacking oil pump. 

3. Engage turning gear to run rotors for warm-up period. 

4. Set drains on turbine and steam lines. Open by-pass steam valves. 

5. Seal turbine shaft glands and build up vacuum in condensing plant. 

6. Start condensate pump and open recirculating valve on condenser. 

7. Test emergency trip gear. Shut stop valves and by-passes and open emergency 
stop valves and test with trip gear. 

8. Open stop valve enough to start engine rolling. 

9. Close down the turning gear. 

10. Bring turbine up to running speed. 
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Information 





OPERATING A TURBINE 



1. 
2. 

3. 
4. 
5. 

6. 



Procedures 



Test overspeed trip after governor has taken over control. 
Check the following before loading: 

- Bearing oil pressures and temperatures 

- Condenser vacuum 

- Steam drains 

- Condensate recirculating valve 

- Thrust adjustment on spindle 

- Auxiliaries such as feed pumps and extraction pumps 

Keep careful watch on bearing temperatures, vibration and noise during 
loading. 

Engage lubricating oil coolers as needed to control temperature of turbine 
bearings at or near 50 C. 

Monitor the turbine under load for temperature and pressure of bearings, 
noises and vibrations. The operator should have some standards for normal 
operation with which to compare readings. Under load, the turbine 
pressures will be constant for that specific load. Experience will enable 
operators to recognize changes from the normal operating temperatures and 
pressures. 

* 

Check the back pressure (exhaust vacuum) by use of a kenotometer . 



SHUTTING DOWN A TURBINE 



Stopp i ng the Turbine 



Set thrust-adjusting gear for maximum clearance. 



Open condensate recirculating valves. 




Open main alternator switch after all load has been removed. 
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A. Check overspeed trips. 

5. Close stop valves on turbine. 

6. Shut down air ejectors to destroy vacuum. 

7. Open all turbine drains. 

8. Check the auxiliary oil pump to see that it starts to operate as turbine 
speed is decreased. 

9. Engage the turning gear. 

10. Shut off cooling water valves to the oil coolers to retain heat in the oil. 

11. Shut off extraction pumps and circulating water to the condenser. 



Blade Fouling 

Turbine blades must be kept clean and free of dirt and scale deposits. The 
cleaning may be done by washing or mechanical means. The turbine can be washed 
by forcing wet steam through the stop valves. With the cylinder drains open, 
the operator can determine when the purity of the liquid drain indicates a clean 
turbine. Washing will not remove scale deposits. A mechanical cleaning must be 
used to remove insoluble materials. This material can be removed by blasting 
the surfaces with an abrasive material. ' A complete cleaning should take place 
during overhaul while the turbine is dismantled. During overhaul, the blades 
should be inspected for erosion and cracks. Damaged blades should be repaired 
or replaced. 



The operator can detect problems in the shaft glands by the amount of steam 
required for sealing. During overhaul, the gland packings must be cleaned, 
adjusted for clearance or straightened as needed. 




MAINTENANCE OF TURBINES 



Glands 
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Information 



Diaphragms 

Diaphragms should be inspected for cracks, distortion, rubbing and fit* Nozzles 
should be cleaned and dressed. 

Alignment 

The alignment of turbine equipment should be checKed if vibration is present. 
An alignment gauge is used to determine if alignment is correct. 

Clearances 

Efficient turbine operation requires that correct clearances be maintained 
between fixed and moving parts of the turbine. If the clearance is too great, 
steam power is lost. Rubbing and wear of parts occurs if the clearance is too 
little. When blades, nozzles or packing rings are replaced, the operator must 
carefully check the clearances. The manufacturer manual will specify the 
correct clearances for maximum efficiency of the turbine. 

Bearings 

Maintenance of bearings is critical to the successful operation of turbines. 
Bearings should be inspected for wear, grooving and electrolysis. The bearings 
should be checked for their fit and tightness and adjusted, when necessary. The 
oil orifices and passages should be checked to see if they are open. Clearances 
of bearings should be measured with a bridge gauge and compared with recorded 
measurements. Changes in bearing measurements show the amount of wear. If wear 
exceeds the permissable clearance, adjustments or replacements must be made. 

INSTRUMENTS . CONTROLS AND SUPERVISOR? EQUIPMENT 
Controls and Instruments 

Some of the typical controls of a turbine include: 

1. Wattmeter to measure load. 

2. Pressure gauges to measure: 
a. Steam pressure 

8 
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Information 




b. Gland steam leakoff 

c. Blec steam pressures 

d. Aerator pressure 

e. Exhaust pressure 

f. Bearing oil pressure 

g. Relay oil pressure for governor 

3. Kenotometer for measuring absolute pressure in condenser. 

4. Diaphragm gauges for measuring sub-atmospheric pressure. 

5. Deflect ional instruments to show levels of water in reserve tank and aerator, 

6. Temperature measuring and recording instruments for steam and feedwater. 

7. Dissolved oxygen meters and hydrogen ion concentration meters for showing 
condensate purity. 

8. Supervisory instrumeats. 

9. Indicators and alarms that show malfunctions. 
Supervisory Equipment 

Supervisory equipment is triggered by electronic signals and is used to detect 
problems caused by excess vibration. Such equipment indicates and records: 

1. Vertical eccentricity 

2. Horizontal eccentricity 

3. Differential expansion 

4. Shaft speed 

Supervisory equipment is valuable to the operator in starting up, operating and 
maintaning a turbine. It indicates the condition of the rotor and allows the 
operator to correct vibration problems before they get out of hand. 
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Assignment 





,7 - 30 in supplementary reference. 

* Read pages IV - ■»< » " 

* Complete job sheet. 

U assessment and check ansver vlth ansver 
. Complete self-assess ^ your answers . 

. Complete post-assessment and asK 




INSTRUCTIONAL LEAHNING SYSIfcMS 



Job Sheet 



INSPECT A TURBINE CONTROL PANEL 

* Locate a site that has a turbine control panel. 

* Carefully inspect each dial and control instrumen^~W record on the 
following instrument. 



CONTROL INSTRUMENT OR 
SUPERVISORY EQUIPMENT 



PURPOSE 



UNIT OF 
MEASUREMENT 



* Ask operator to explain purpose for those dials, gauges, controls that were 
not included in this package. 
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Assessment 



Show the proper sequence of events for starting a turbine. Show the proper 
sequence in the spaces at right by numbering in order 1 thru 10. 



1. Start condensate pump and open recirculating valve. 

2. Set drains on turbine and steam lines. Open by-pass 
steam lines. 

3. Close down turning gear. 

4. Test emergency trip gear. 

5. Check lubrication system. 

6. Check condensing plant. Start circulating pump and 
make sure boxes are full of water and clear of air. 

7. Engage turning gear for warm-up period. 

8. Bring turbine up to running speed. 

9. Seal turbine shaft glands and build up vacuum in 
condensing plant. 

10. Open stop vt lve enough to start engine rolling. 
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# Self Assessment 
Answers 




i. 



n 



3. 
4. 
5. 
6. 
7. 
8. 
9. 



10 



10. 8 
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.Post 

Assessment 





Match the following terms with their related phrases. 



1. Caused by scale deposits on 
turbine blades, 

2. Problems can be detected by 
the amount of steam required 
for sealing, 

3. Should be checked if vibration 
is present. 

4. Used to check clearances on 
bearings. 

5. Used to measure purity of 
condensate. 

6. Used to measure sub- 
atmospheric pressure. 

7. Indicates and records 
eccentricity and expansion, 

8. Measures absolute pressure 
in condenser. 

9. Shows levels of water in 
reserve tank and aerator. 

10. Measures electrical load. 



A. Kenotometer 



B. Deflectional instruments 



C. Dissolved oxygen meter 



D. Alignment 



E. Bridge gauge 



F. Diaphragm gauges 



G. Glands 



H. Blade fouling 



I, Wattmeter 



J # Supervisory equipment 
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Instructor 
Post Assessment 
Answers 




H 1. 



G 2. 



D 3. 



E A. 



C 5. 



F 6. 



J 7. 



A 8. 



B 9. 



I 10. 
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SOUTHERN ALBERTA INSTITUTE OF TECHNOLOGY . - M 

CALGARY, ALBERTA 1 5 «4 



Correspondence Courses 
Power Engineering 



SECTION 3 

Second Class 

PRIME MOVERS Lecture 6 



STEAM TURBINE 
OPERATION and MAINTENANCE 



This lecture will deal with operational procedures of running 
plants. However a few remarks on the commissioning of new 
plants will not be out of place at this time. 



( 



Cleaning after Erection 

On completion of erection of a new boiler and turbine-generator 
set, elaborate precautions must be taken to ensure the complete 
internal cleanliness of the entire system. 

Considerable operational troubles in steam turbines can be 
caused by dirt, debris, scale and silica being carried into blading, 
glands and bearings from the boiler and piping systems. 

Earlier lectures have dealt with the cleaning of new boilers, the 
internal cleaning of the pipework together with the feed-heating and 
condensing systems will be carried out on somewhat similar lines. 
The following steps will be taken after the plant erection is complete. 

All accessible parts should be well cleaned and all loose 
material removed. The lubricating and control oil systems should be 
thoroughly cleaned and then closed. The feed heating and condensing 
system should be thoroughly hosed and flushed to waste and the system 
then closed up. 
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Modern plants demand a higher standard of cleanliness than the above methods 
will achieve, however, so that these steps are generally followed by alkaline 
cleaning and degreasing of the steam side of tke condenser and feed heaters. A 
recommended cleaning fluid is a solution of about 200 parts per million of caustic 
soda and 100 parts per million of trisodium phosphate in deionized water at a 
temperature of 99°C. Each item of plant treated should be connected so as to 
produce a positive circulation path and the solution pumped through for about four 
hours followed by a hot deionized water flush, 

A new turbine, being operated for the first time requires careful supervision. 
Steam joints and small pipework will be left untagged to facilitate detection of 
leaks. Certain instruments may not have been provided, however it is essential 
that the protection and control equipment is fitted and tested before any prelim- 
inary runs are attempted. Also safe access to all parts of the machine is essential. 

As a further safeguard against dirt and debris the main steam line is often 
disconnected from the turbine, directed outside of the building and steam allowed 
to blow through. 

The strainers in the steam chest and in the oil supply lines should be replaced 
with fine mesh for the first few weeks of running time. 

All auxiliaries should be tested as soon as electrical and steam supplies are 
available. A trial of the vacuum raising equipment should be carried out before 
the turbine is first run. The turbine glands should be sealed, vacuum raised 
using the ejectors, and the turbine and condenser system checked for air leaks. 

The turbine must never be started up without adequate insulation lagging on 
high -pressure steam pipes and on high-pressure cylinders, otherwise distortion 
may take place. Speed control during the initial runs should be by hand at the 
machine. All temperature indicators and pressure gages must be fitted and be 
operational. 

After the initial commissioning and drying-out runs the routine operation 
of the machine will follow a pattern such as described in the following pages. 

Turbine operating methods vary slightly according to the particular machines 
involved and manufacturers usually issue precise instructions for their individual 
product. However, the following can be taken as a general guide. 
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Instructions for Starting 

Condensing plant - start the circulating water pump and open up the 
condenser circulating valves. Ensure that all pipes and water boxes are 
clear of air and full of water. 

Lubricating oil - check oil system valves, start auxiliary oil pump 
and see that all bearings are being supplied at the correct pressure and 
that the control system oil supply is normal. Start the jacking oil pump 
to ease the shafts on the bearings. 

Turning gear - engage and st^rt the turning or barring gear to run 
the rotors for a period of time. This period will vary with the temperature 
of the turbine, from about 5 minutes for a cold machine to 1 hour for a hot 
machine. Once the shafts are turning the jacking pump can be shut down. 



c 



Drains - set all drains on 
turbine and steam supply line. 
Then open by-pass steam valves 
to warm through the steam lines 
up to the turbine stop valves. 

Condensing plant - seal all 
turbine shaft -glands and build 
up the condenser vacuum to 
about 500 to 650 mm mercury 
using the quick start ejector. 
Excessive use of gland sealing 
can produce local over-heating 
of the turbine shafts and lead to 
vibration problems. Care should 
be taken to regulate gland steam 
to the minimum necessary for 
complete sealing. 

Running U p 

Condensate pump - start the 
condensate or extraction pump 
and open up the condenser re- 
circulating valve so that the ejec- 
tor condensers will have a suffic- 
ient supply of condensate as 
cooling water while the turbine 
is being loaded. 

Emergency trip- gear , Fig. 1 
sho uld be tested before adm i tti ng 
steam to the turbine. The turbine 
stop valves, and their by-passes 
should be shut; then the emergency 
stop valves opened fully to their 
normal operating position and 



TURBINE SHAFT 




UNBALANCED 
KING ON SHAFT 



RING TY"E OVERJPEED TRIP 



PLUNGER 




BOLT TYPE OVEQS'EED TRIP 



Emergency Trip Gear 
Fig. 1 
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closed automatically, using the trip-gear. Finally the emergency valves 
should be set full-open and the turbine run-up commenced. 

Open the stop valve (or its by-pass) sufficiently to start the turbine 
rolling, then restrict the steam flow so as to keep the turbine speed in check. 

The barring gear, Fig. 2, can be disengaged and shut down. The 
turbine should be accelerated up to about 300 rev/min in two or three 
minutes to establish an oil film and held there for a time depending 
upon its run-up programme. 

A machine which does not have a barring gear should be held at 
300 rev/min for sufficient time to become warmed through evenly and 
for any distortion which may have developed after shut down, to be 
evened out. This may take 15 minutes or longer. 



Illustrations of 
Barring (or Turning) 
Gear 

Fig. 2 



. •■XT- 




Location of under slung barring gear is 
shown in this view of tandem double-flow 
turbine being assembled for factory test- 
ing. Position of the barring gear at the 
side of the bearing enables the pinion to 
engage the shaft below turbine centerline. 

(PE2-3-6-4) 



Diagram of side-mounted barr- 
ing gear and vertical driving 
motor illustrates their location 
in relation to the turbine shaft 
and control console. 
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Machines which have been turned regularly during their cooling-out period 
after shut-down, may be run up from rest to about two-thirds of normal full 
speed without pause at 300 rev/min, taking about 15-20 minutes for the operation. 
(Note that running at a critical speed will result in machine vibn 'on and there- 
fore these speeds should be passed through without delay.) 

During this run up the operator should check that there is no unusual noise or 
vibration. The main shaft -driven oil pump should come into operation and the 
auxiliary pump shut down. If the machine is fitted with supervisory instruments 
these should be watched to ensure that no excessive shaft distortion or displace- 
ment is indicated. 

A further speed increase up to operating speed should show the governor 
coming into operation, then, with the machine at full speed and the stop valves 
fully open it is ready for load. 

During the run-up a certain amount of vibration is to be expected at the 
critical speed or speeds. If this does not smooth out after passing through a 
critical point, the machine speed should be reduced again until the vibration 
disappears. If repeated attempts fail to smooth out the vibration the machine 
may have to be returned to 300 rev/min or even to the barring gear in a further 
attempt to secure even heating. 

Over-speed Trips - when the machine has reached normal running speed 
and is under the control of its governor the over -speed governor trip should be 
tested for correct operation. This should be carried out in such a manner that 
the available steam supply to the turbine is positively controlled at all times, 
e.g. by a hand -controlled by -pass valve. Steam must not be available to enable 
the machine to reach a dangerous speed in the event of the failure of any automatic 
equipment. 

The over-speed trip should operate to limit the speed rise to a maximum of 
110%. Periodic checks should be made to prove that this equipment operates 
freely. Opinions of operating engineers as to when is the best time to carry this 
out follow two schools of thought. 

One prefers the test to be carried out when the machine is coming off load 
and about to be shut down. The idea is that at this time the extra strains imposed 
by over-speeding are imposed upon a thoroughly warm machine and will therefore 
be minimized and in case of a failure to operate, maintenance time is then avail- 
able . 

The other, and possibly stronger argument, is that the test should be carried 
out before a load run, since only through this can the machine be proved safe to 
operate. Chances of incorrect setting of the equipment during the shut-down are 
guarded against. A test showing faulty operation of over-speed trips at the time 
of shutting down would only prove how dangerous the machine had been during the 
past load run. 
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Lubricating Oil Coolers - these should be put into service when needed, and 
the cooling water valves controlled so as to maintain the oil temperature at the 
maker's specified figure. This will be about 50°C at the turbine bearings. Care 
should be taken not to overcool the bearing lubricating oil at any time. Cold oil 
in the bearings can and will cause turbine vibration. 

Checks before loading - the machine is now ready for load. The following 
items should be checked for correct setting and functioning before synchronizing 
and loading: 

Bearing oil pressures and temperatures 
Condenser vacuum 

Steam drains on turbine and pipework 
Condenser (condensate) recirculating valve 
Turbine spindle thrust adlustment 

All auxiliaries, e.g* ex** action pumps, feed pumps, etc. 

While loading the machine a careful watch must be kept on bearing tempera- 
tures and for signs of vibration, rubbing, unusual noise, or any other such occur- 
rences. The operator's experience and judgment must be relied upon to evaluate 
such signs of possible trouble as indeed it will be relied upon throughout the tur- 
bine operational time. 

Many instruments and devices are now available and installed to assist in such 
evaluations, such as supervisory equipment measuring, shaft vibration, eccentric- 
ity or distortion and full use must be made of their indications. 



Instructions for Stopping 

When decreasing load preparatory to shutting down the machine, the following 
operations should be carried out. 

Set the thrust-adjusting gear to give maximum clearance (where this is 
fitted) . 

Open the condenser (condensate) recirculating valves to maintain sufficient 
flow for ejector condenser cooling. 
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When all load is off the machine and the main alternator switch has 
been opened, check the operation of the over-speed trips, if this is required, 
and close the turbine steam stop valves. The vacuum should be allowed to 
fall by shutting down the air ejectors or air pump but maintaining a flow of 
gland-sealing steam until the vacuum has been destroyed. This will prevent 
the ingress of cold air and oil to the shaft glands, and minimize shaft 
distortion. 

Open all turbine drains. 

Check that the auxiliary oil pump cuts in as the turbine speed decreases. 

When ;he shaft has stopped turning engage the barring gear and leave 
this running for the recommended number of hours as the machine cools 
down. 

In the absence of barring gear, Zis is usual with smaller machines, the 
shafts will cool out while standing still. It is particularly important that 
no steam should be leaking into the cylinders at this time. 

Shut the cooling water valves to the oil coolers as soon as possible so 
as to retain some heat in the oil for the next run-up. 

Shut down extraction pumps and circulating water to main condenser. 
Normal Operation 

Once a turbine has been run up to speed and loaded, the steam tempera- 
tures and pressures will remain constant at each stage from inlet through to 
exhaust. The metal of the rotors and cylinders will approximate towards these 
temperatures and will become stable in their relative expansions. 

The stage pressures and temperatures will be characteristic of that 
machine at each particular load. They will change with changes in load 
but otherwise should be constant unless some unusual condition develops. 
If, for example, some deposit from the steam begins to gather on the blade 
surfaces, a gradual increase in frictional resistance to steam flow will oeeur, 
and this will affect the stage pressure and temperature readings. 

It is essential to keep a log of all pertinent temperatures and pressures 
in order to be able to recognize a diversion from normal figures. A high 
standard of supervision is required because changes usually take place slowly 
and are not easily detected. 

One of the best means of discovering a trend of change is to set up a 
basis for comparison of the day-to-day operating figures. 
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At certain fixed loads, say 25%, 50%, 75% and 100% of full load with 
inlet and exhaust conditions carefully set, readings should be taken of the 
steam pressure and temperature at the turbine stop valve, all stage pres- 
sures, exhaust back pressure, together with all available readings of 
spindle locations, vibration from the turbovisory gear, lubricating oil 
temperature and pressures, etc. These readings should be taken when 
the machine is in a known state of cleanliness and should be repeated and 
checked. They can then be used as standards of comparison, and if nec- 
essary, printed onto the daily log sheets. 

Routine turbine operation on steady load consists of very little more 
than keeping watch on mechanical conditions such as bearing oil pressures 
and temperatures and checking for unusual noises or vibrations unless 
some emergency arises. 

A state of emergency can come in many forms to an operating plant 
It may not come frequently but when it does the time and the conditions ' 
existing always seem to be the worst that could have been chosen The 
prime cause of trouble is often camouflaged by its effects. The knowledge 
and experience of the operating personnel are then called upon to make 
speedy decisions, an error in which might be extremely costly. 

Given steady inlet steam pressure and temperature, the steam con- 
ditions through the machine will not vary noticeably. The exhaust vacuum 
however will be dependent upon the correct operation of the condenser air 
extraction equipment, the rate of air leakage into the system, the quantity 
and the temperature of the condenser cooling water. 



Exhaust Vacuum 



A reduction in vacuum, or conversely stated, an increase in back 
pressure, adversely affects the economical running of a turbine. Less 
heat is available per kilogram of steam passing, and so the steam rate, 
kg per kw-h goes up. As a rough guide it can be said that 6 mm 
mercury change in back pressure brings a 1% change in the turbine heat 
rate. 

There is an optimum back pressure for each machine which is set 
during the design stages depending upon the average expected operating 
conditions, etc. and this is the back pressure at which that machine 
should run. 

Lower back pressures (higher vacuums) than this optimum figure will 
increase the heat available per kg of steam, but the consequent reduction 
in condensate temperature will demand more bled steam for feed heating 
and will result in a net increase in the turbine heat rate (on efficienev 
reduction). 
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Higher back pressures than optimum will reduce the heat available per kg 
of steam* A decrease in bled steam quantity will result from the rise in conden- 
sate temperature but will not be sufficient to compensate for the heat loss and 
the net effect will be a reduction of turbine efficiency. 



Accurate measurement of exhaust vacuum is important for the foregoing 
reasons. The instrument used for this purpose is the Kenotometer. Fig. 3 
illustrates the principle and Fig. 4 shows the essential parts of the meter. 

The basic objective of the instrument is to record the absolute pressure 
within the condenser instead of simply the vacuum. 

Fig. 3 shows separate vacuum gage and barometer. The barometer indicates 
the atmospheric pressure in mm of mercury (B). The vacuum gage indicates 
the vacuum in the condenser, again measured in m;n of mercury (M). 

The difference between the two columns will give the absolute pressure in 
the condenser shell. 

Stated in terms of pressures, 



Thus when the gage pressure is a negative amount (a vacuum) the absolute pressure 
becomes the difference between the two. 

The mercury reservoirs on the vacuum gage and the barometer in Fig. 3 
each have the same pressure upon their surfaces so that they could be combined 
into a single reservoir, or in fact the bottoms of the tubes in both vacuum g;ige 
and barometer could be joined to form a single U tube. 

This has been done in Fig. 1 and in addition the tube on the vacuum gage has 
been increased in diameter so that vertical movement in this leg is reduced to a 
minimum . 

Absolute pressure in the condenser is still measured by the difference between 
the levels in the two legs. 

Fig. 4(a) shows the instrument with no vacuum in the condenser* Fig. 1(b) 
shows the operating condition. The scale is moveable and the zero line must be 
set to the mercury meniscus in the large diameter leg. The reading h will 
then give the absolute pressure in the condenser shell in mm of mercury. 



Absolute Pressure 



Atmospheric + Gage. 
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Vacuum Gage Barometer 

Fig. 3 
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Kenotometer 
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Blade Fouling 



Turbine blading must be maintained in a clean condition if it is to produce 
the full designed output of the turbine. Deposits which adhere to the blades de- 
crease the turbine efficiency and output and will cause outage or even mechanical 
damage if not removed. 

# 

These deposits develop from carry-over in the steam from the boilers and 
are principally sodium hydroxide (caustic soda) and silica. Caustic soda melts 
at 315°C and is soluble in water, hence it will deposit in areas in the turbine 
where the temperature is below 315°C and where the steam moisture content is 
insufficient to give a blade-washing effect. 

Silica vaporizes at pressures above 4150 kPa and is insoluble in water. 
Deposits of this chemical may be more generally spread throughout the turbine 
blading and will also combine with the soluble deposits. 

Deposits on turbine blades will gradually reduce the steam passage area and 
consequently increase t v a pressure drop through each of the affected stages. 
Comparison of stage pressure drops with standard figures can be used as an indi- 
cation of blade fouling. 

Removal of these deposits can only be achieved either by washing or by 
mechanical means. Washing can be carried out without dismantling the machine, 
mechanical cleaning requires the turbine covers to be lifted and the spindles 
removed. In either case prevention of carry-over is obviously much more desirable. 

Blade washing is done usually on a cold machine and at speeds of rotation not 
more than 25 r ,7 of full speed. Moisture-laden steam is introduced through the stop 
valve with all cylinder drains open and the condensate run to waste. Samples are 
taken at these points and the procedure continued until these samples show a high 
degree of purity. 

Insoluble deposits will not be removed directly by washing, though they may 
become cracked and loosened by rapid chzinges in temperature • Mechanical 
cleaning methods such as blasting with a mildly abrasive substance will be used 
for these deposits . 
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Blade Erosion 

Excessive moisture content in steam flowing through turbine blading can 
and will, cause severe erosion. This effect takes place during normal on-load 
operation and will occur in the low-pressure stages of the turbine. 

It is a mechanical effect caused by the impingement of water-droplets 
upon the leading edges of the turbine blades. 

Reference to Lect. 5, Sect. 3, will remind the student of the steam flow 
through turbine nozzles and blading as represented on vector diagrams. 

It will be remembered that the design of a blade is aimed at receiving 
steam upon the blade surfaces without shock and that in order to achieve this 
the blade inlet angle was designed to suit the entering steam direction and 
velocity. 

Fig. 5 shows steam issu- 
ing from a nozzle and entering 
a moving blade ring arranged 
so that the blade, at its normal 
running speed, receives steam 
represented by vector AC. The 
blade inlet angle is set at 0 
degrees so as to match this 
flow. AC is the resultant of 
the steam speed AB and the 
blade speed CB. 

A water droplet however, 
carried in the steam issuing 
from the nozzle, will flow in 
the same direction but at a 
lower speed than the steam 
because of its inertia. 




Direction of 
Moving Bfades 



Fig. 5 



Let DB represent the water droplet velocity. Then the combination of DB 
and the blade speed CB gives the speed and direction of the droplet relative 
to the blade DC. 

It will be seen that the blade and droplet will collide at the blade inlet edge 
and if frequent and heavy collisions occur, erosion will result on this area of 
the blade. The violence of the collision will depend upon droplet size and upon 
blade speed. 

Experience shows that a moisture content of 10-12% at the turbine exhaust 
is sufficient to cause erosion. 

The problem becomes more acute with increasing machine size. High 
output machines require large diameter low-pressure wheels to accommodate 
the vast volumes of exhaust steam, This in turn means that the peripheral 
speed of the low-pressure blades is high and the impact of water droplets in 
the steam upon the blades is increased. 
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Maintenance 



A steam turbine will generally not require any more than routine 
day-to-day maintenance such as care of lubricating oil, inspection of slid- 
ing feet etc. for considerable periods of time. Major overhauls requiring 
removal of the cylinder covers and spindles for examination of blading, etc. 
are commonly spaced at three to four year intervals. Except when major 
defects occur, or are suspected, modern high-performance plants should 
be kept in service for as long as economically justifiable. In other words, 
the plant should be kept in service until its performance deteriorates to a 
point where the cost of outage for overhaul is out-weighed by the cost of 
continuing to run the plant at a low efficiency. 

The major parts of a turbine requiring maintenance under overhaul 
are as follows; 

Blading 

The blading may have been washed while in service following steam 
consumption checks, or stage pressure changes which indicated fouling, 
but it should be prepared for complete cleaning during the overhaul. The 
cylinder covers will be taken off and inverted, the turbine spindles will be 
lifted out, and, where necessary the top and bottom half of diaphragms will 
be removed from the cylinders. 

Blading should be inspected for evidence of corrosion, erosion and 
mechanical rubbing. Blades will be "dressed" as necessary, and badly 
damaged sections will be replaced. 

In low-pressure stages lacing wires must be rebrazed or replaced as 
necessary. Shroud bands in high-pressure and intermediate-pressure 
stages should be inspected for signs of rubbing and dressed up or re- 
placed. 

All blades should be inspected for cracks in the blade or at the root, 
particularly in the low-pressure stages, using one of the proven crack- 
detection methods, 

(Hands 

During operation any deterioration in the condition of the shaft glands 
will have been indicated by an increase in the amount of steam required 
for sealing. During overhaul, gland packings must be cleaned, 
straightened where necessary, and adjustments made to restore correct 
clearances. Spring-loaded sections are usually set up and dressed to fit 
correctly on a mandrel representing the turbine shaft. Gland steam supply 
pipes, vent pipes and drainage holes should be examined for cleanli- 
ness, 
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Diaphragms 

Diaphragms should be inspected for cracks and checked for distortion, 
erosion or rubbing. The casing groove landings should be checked to ensure 
that the diaphragms fit properly. The nozzles should be cleared of any 
deposits and the edges dressed. 

Alignment 

Because of the speed of the rotating masses and the large out-of-baiance 
forces which can appear as vibration, the alignment of a large modern turbine 
is very carefully carried out when erected. 

The general principle of alignment is that, assuming the coupling faces 
to be true with the shafts, the shafts are aligned in such a way that a 
continuous curve is formed, with their natural deflections, from governor 
to exciter. This point is illustrated exaggerated in Fig. 6. The shafts will 
retain their natural deflection at any speed other than the critical speeds. 
Adjustment to give correct alignment is carried out by the adjustment of bear- 
ing positions to match this static deflection of the shaft. 
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Alignment Curve for Turbo-generator 
Fig. 6 

It is not necessary to know the shaft deflection curve. Correct alignment 
is obtained by accurate measurements between coupling faces and over the 
coupling periphery. When equal measurements are obtained by clock gage 
or feelers at four points 90° apart round the coupling periphery at locations 
x and y, Fig. 7, then correct alignment can be assumed, provided that the 
coupling faces and periphery are 'true 1 with the shaft. 

Two general cases of misalignment occur: 

(1) The axes of the two shafts may meet but may not be in a straight 
line, as shown in Fig. 8. 

(2) The axes may be parallel but may not be in line, see Fig. 9. 

Most manufacturers supply an alignment gage for a particular machine 
which consists of a plate with a gap to cross the coupling and which has two 
true edges accurately aligned as illustrated in Fig. 10. When applied across 
a coupling, if both edges are wholly in contact with the shafts on each side, 
the correct alignment is established. Misalignment of the type indicated in 
(1) and (2) above will be revealed as in Fig. 10. The gage can also be laid on 
the horizontal joint to check horizontal alignment. 
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Alignment Measurements 
at Coupling 
Fig, 7 



Shafts meeting but 
Out-of-line 

Fig. 8 
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Shafts parallel but 
Out-of-line 
Fig. 9 
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Use of Alignment Gage 
Fig, 10 
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Clearances 

The efficient operation of a turbine depends to a large extent on the 
maintenance of the correct clearances between fixed and moving elements. 
Excessive clearances result in increased steam consumption while reduced 
clearances may result in blade rubbing. 

When a turbine is erected the clearances are carefully set and a record 
is kept at the plant. When the top halves of the nasing are removed the clear- 
ances should be checked against the record. Care must be taken to ensure 
that the rotors are in the running position when taking measurements. Pro- 
vision is usually made to move the rctor axially to a position for lifting from 
and returning to the casing. 

Particular care is necessary with the clearances at the velocity stages 
which are frequently fitted to the high-pressure end of impulse machines, as 
shown in Fig. 11. A thorough check of clearances is essential if any replace- 
ment blades, nozzles or packing rings have been fitted. 
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Bearings 



A thorough examination is made of bearings for wear, grooving of 
the bearing metal and shaft, loose bearing metal, correct contact surface 
and possible evidence of electrolysis. Modern bearings are of the spher- 
ically-seated type and their fit in the hou: ^g should be checked for tightness 
and alignment and adjustments made if necessary. 

The condition of oil orifices, including the area of high-pressure 
jacking oil, oil throwers, baffles and the cleanliness of all oil and water 
passages should be checked. It is usual to measure and record bearing 
clearances. For this purpose a bridge gage is used as shown in Fig. 12 
and the measurement at X is compared with the records. 

Variations will indicate bearing wear or settlement. A typical permis- 
sible clearance is 0.025 to 0.05 mm per 25 mm diameter of journal. 



Instruments and Controls 

Mention was made earlier in this lecture of exhaust vacuum measure- 
ments because of its importance in turbine operation; the other instruments 
used for this purpose can be grouped under the general heading "Turbine 
Supervisory Equipment 11 . This consists of instruments to indicate and 
record differential expansions between rotors and casings, rotor eccen- 
tricity, steam to metal differential temperatures, bearing vibration, speed 
and load. 
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Use of Bridge Gage 
Fig. 12 
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TURBINE SUPERVISORY EQUIPMENT 



Arrangement of Detectors 




(c) DOUBLE DISC POSITION 



Arrangements of Axial 
Expansion Detector 

Fig. 13 



The indicators and 
recorders of differential 
expansion and eccentricity 
are actuated by electronic 
circuitry from specially 
designed inductive detec- 
tors placed near appro- 
priate moving parts of 
the rotating shaft. 

Fig. 13 shows three 
alternative positions for 
the axial or differential 
expansion detectors, 
while Fig. 14 shows two 
alternative positions for 
the eccentricity detectors. 
Other methods locating 
these detectors can be 
used provided that the air- 
gap variation between the 
coupling, collar or shaft, 
and the detector is defin- 
itely caused by the distor- 
tion which is to be measured. 
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Arrangements of Eccentricity 
Detectors Fig. 14 
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The relative positions of the detectors on the high-pressure or inter- 
mediate-pressure cylinders of a large turbine are shown in Fig. 15, 
Cylinder movement detectors are also provided in this particular arrange- 
ment. 



Most detectors are subjected to considerable heating because of the 
high temperature attained by the cylinder casing and bearing housings . 
Since it is essential that these detectors should be reliable in operation 9 
care is taken in construction so that they withstand heat. The connecting 
leads are usually insulated with glass fabric and protected by metallic 
tubing. 
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Relative positions of Detectors on Turbine 

Fig. 15 
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Description of the Supervisory Equipment 

The essential items are as follows: 

(1) Indication and recording of vertical eccentricity. 

(2) Indication and recording of horizontal eccentricity. 

(3) Indication and recording of differential expansion. 

(4) Indication and recording of shaft speed. 

Other refinements now being added in some equipment are: 

(5) Indication of mean shaft position in bearing with respect to oil film. 

(6) Indication of electrical output. 

(7) Indication of turbine casing temperatures. 

(8) Indication of vibration amplitudes at bearings. 

Here, items (1) to (4) are discussed and the method of obtaining readings 
is described. 

The detectors are iron-cored inductances arranged in matched pairs so that 
the air-gaps with respect to the rotating disc, or other steel part of the shaft, are 
equal under correct conditions. When the shaft becomes distorted, these air-gaps 
are no longer equal and the value of the inductance of the detectors is changed. 

The detectors form two arms of a Wheatstone bridge, the other two arms being 
resistances. 

The speed indicator is usually supplied from a tacho-generator direct-coupled 
to the sh;ift. The a-c output of this small generator, which has a permanent mag- 
net field, is linear with speed and has sufficient power to operate the indicating 
and recording instruments . 

U se of Supervisory Equipment 

If supervisory equipment is not available during initial stages of starting-up, 
differential expansion can take place, as for example, in Fig. 16. The introduction 
of gland steam and flange steam alternatively will help to keep the turbine in a 
smooth running state, depending on the skill and experience of the turbine operator. 
Eccentricity may, however, ultimately develop if the temperature gradients be- 
come excessive, because of these "swings 11 in expansion between wheel and dia- 
phragm. When supervisory equipment is available to guide the turbine operator, 
the machine can be run up with the "swings" of differential expansion very much 
reduced as is shown in Fig. 17, and it should be possible to keep eccentricity 
be low 0.125 mm. 

Vibration 

It is sometimes possible for a turbine shaft to run with appreciable eccentricity 
:dl unknown to the operator. Vibration measurements, while giving a good guide to 
the general running of a turbine, may not give a true interpretation of the rotor con- 
dition. Cases have been known when sets have run without causing undue vibration 
idthough several blades were missing from the wheels. An acceptable condition for 
reasonably good operation is an amplitude of between 0.0545 to 0.05 mm, but rough 
running is soon reached above the latter figure. 

(PK2-;i-(j-20) 



ERLC 



219 



- 21 - 



( 



( 




TIME HOURS 
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Differential and Axial 
Expansion during a 
Turbine Run-up with- 
out Supervisory 
Equipment 
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Axial Expansion and Eccentricity during a 
Start-up loading and Shut-down of a large 
Turbine using Supervisory Equipment Fig. 17 
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Turbine Controls 

In the previous pages , the operation and use of the kind of instruments 
associated with measurements required on a turbo-generator, has been de- 
scribed* As an illustration of the uses of the various instruments, a typical 
turbine instrument scheme is described below. 



Typical Turbine Control Panel 

for 60 MW set, 6200 kPa gage, 480°C type 

(1) Output 

An induction pattern wattmeter is connected in series with one of the 
tariff meters to indicate instantaneous load, MW. 

(2) Pressures 

Pressure gages are used to show: 

Steam pressure before and after throttle 
Steam pressure after first wheel (Curtis stage) 
Gland steam leak -off 

All bled steam pressures (above atmospheric) 
Pressure to deaerator 
High-pressure turbine exhaust 
Bearing oil pressure 

Relay oil pressure for operation of governing mechanism. 

(;j) Vacuum and Low Pressure 

Kenotometer instrument for condenser absolute pressure. 
Sub-atmospheric pressures are given by diaphragm gages. 

(4) Levels and Positions 

The levels of water (condensate) in the reserve tank and deaerator 
vessel, are transmitted electrically to deflectional instruments. 
Positions of circulating water valves are sometimes shown on 
indicating instruments on the turbine panel since it is necessary 
to adjust them to obtain optimum vacuum, depending on circulating 
water temperature. 

(5) Temperatures 

Turbine Stop Valve (T.S.V.) steam and the final feedwater usually 
have separate large dial instruments. Recording instruments are 
sometimes used for T.S.V. temperature. Other temperatures on 
the turbo-generator set are given on two multipoint instruments* 



o 

ERIC 



221 



-23 - 



(6) C ondensate Purity 

It is usual to provide an indicating instrument supplied from the "Dionic" 
meter* Dissolved oxygen meters and hydrogen ion concentration meters 
are usually mounted separately elsewhere. 



(7) Supervisory Panel 

This is sometimes incorporated into the turbine control panel; some 
timer it is a separate unit. Its instruments were described in previous 
pages. 



(8) Indicators and Alarms 

While these are not classified as instruments, it should be mentioned 
that the malfunctioning of parts of the plant is usually shown up on illu- 
minated indicator panels, for example, excessive exhaust temperature, 
high bearing temperature, low oil level in reservoir, high water in high- 
pressure heater, high and low water in storage vessels, high-water level 
in condenser, high conductivity in condensate, low -hydrogen purity in 
generator and loss of seal oil supply. 



Fig. 18 is a photograph which illustrates a typical 6200 kPa gage, 
480°C combined boiler-turbo-generator gage board. This layout if efficient 
and compact. 



Turbine panels are on the left-hand side of the operator. Pressure gages 
and position indicators are at the top. In the middle, from the left to right, 
may be seen the two multipoint temperature instruments side-by-side, the 
water purity meter, eccentricity records, and the Kenotometer, with vertical 
scale on its right-hand side. 



On the extreme left of the panel are operating handles for motor -operated 
valves and pumps. On the console itself are further operating mechanisms 
for controlling auxiliary plant. Governor and generator voltage are control- 
led from a central control room. 
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Turbine Automatic Control Equipment 

The turbine instrumentation discussed in earlier pages indicated and recorded 
the variations in certain temperatures, pressures, bearing vibrations, etc. 

If now mechanical drives were fitted to the steam valves, drains, etc. 
normally manually-operated during a turbine run-up, and the turbine supervisory 
instruments arranged to monitor conditions, a program could be set up to 
automatically start and run up a turbo-alternator set. 

The following pages will describe such a system of turbine control developed 
by Associated Electrical Industries Ltd. (AEI), and given the name ACTRUS 
from the description, Automatically Controlled Turbine Run-up System* 



Turbine Run-ups 

Turbine run-ups are divided broadly into two types, cold and hot. Cold 
starts occur after prolonged periods of shut-down, such as annual overhauls. 
Hot starts usually apply to the run-ups following an all-night or week-end shut- 
down, when the turbine metal will have retained a large part of its heat content. 

The main effect of this retained heat on starting, is that the differential 
temperature between the turbine metal and the incoming steam is reduced, 
thereby permitting the use of higher steam temperatures and pressures with 
a resulting quicker run-up. Programmes as short as a few minutes are 
envisaged for hot starts, while those for cold starts, on the other hand, may 
take up to several hours . 

For cold starts the usual form of programme is: 

(1) A run-up from barring speed - about 40 rev/min - to 1200 rev/min 
at an intermediate rate of acceleration. 

(2) A "soaking" period in which the speed increases slowly from 
1200 rev/min to 1700 rev/min. 

(3) A final run-up to 3600 rev/min at a high rate of acceleration. 

The purpose of the soaking period is to warm up the turbine metal and reduce 
differential temperature to a minimum before proceeding to full speed. For 
reasons already mentioned, the soaking period can be omitted for a hot start 
and this, together with a faster rate in the early part of the run-up, results in 
a considerably shorter programme. 
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Under normal conditions the pre- set programme is followed without inter- 
ruption. But should abnormal conditions arise, the programme may have to 
be interrupted or even reversed. This may be done either manually or by 
means of the automatic supervisory equipment built into ACTRUS and opera- 
ting on signals derived, for example, from turbine vibration, eccentricity of 
the rctor, or differential temperatures. Should any one of the supervisory 
signals exceed a certain limit the programme is interrupted and the turbine 
speed is held steady. This situation is known as 'HOLD 1 . 

If the supervisory signal continues to rise to a second limit, the programme 
is reversed and the by-pass valves are made to close by reversing the motor 
operating gear. This second situation is known as f RUN-DOWN Y . 

In cases of greater emergency (i.e. over-riding signals from eccentricity 
or vibration detectors) the by-pass (and governor) valves are tripped by 
releasing relay oil to drain. A more detailed description of these conditions, 
and certain limitations thereto, is given *n a later section headed Automatic 
Supervisory Equipment 1 . 

Fig. 21 shows the equipment diagrammatically. Note that it is divided 
into three sections: Speed Control, Programme, and Supervisory Equipment. 

Briefly the Programme unit sets the rate of increase of turbine speed 
during the run-up. The Speed control opens the steam valves. The Automatic 
Supervisory equipment monitors the conditions obtaining in the turbine and 
will interrupt the programme in the event of abnormal conditions, such as 
excessive vibration, differential expansion, etc. The following pages describe 
each section in turn. 
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The object of the programme unit is to produce a reference voltage which, 
during run-up increases at pre-set rates from zero to a value representing full 
turbine speed. This reference voltage is derived from a "Linvar" rotary indu- 
ctive device giving an output proportional to its angle of rotation over the range 
0-80°. 

The rotor of the Linvar is driven by one of three constant speeds motors, each 
having an adjustable gear ratio. A cam, geared to the linvar drive shaft, selects 
the three speed ratios in turn, the change -overs being made at 1200 rev/min and 
1700 rev/min. The Linvar is therefore driven at the first pre-set speed for tur- 
bine speeds up to 120 rev/min, at the second speed for turbine speeds from 1200 - 
1700 rev/min and at the third speed for turbine speeds from 1700 - 3600 rev/min. 

The pre-set speeds are manually-set before start-up depending on turbine con- 
ditions - in particular the metal temperature of the high-pressure cylinder. When 
the metal temperature is high, as it would be after an overnight shut-down, the 
slow soaking period provided by the second speed ratio is not required and the 
programme unit can be set to change over directly from the first ratio to the third 
at a turbine speed of 1200 rev/min. In this way the voltage from the Linvar rises 
from zero to a maximum and the speed control servo causes the turbine speed to 
increase in a similar way. 

Fig. 22 shows an illustration of the unit. 
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Speed Control Servo 

Referring to Fig. 23, the turbine speed is caused to follow the desired 
programme by servo control of the combined stop and emergency by-pass valves. 
An a-c tach-generator, driven by the turbine, produces a voltage output propor- 
tional to turbine speed. The difference between this voltage and the reference 
voltage (known as the speed error) passes through a magnetic amplifier and is 
then used to control the speed and direction of the servo motors. 

If the turbine speed is too high the valves are driven in a closing direc- 
tion to reduce the flow of steam into the turbine; when the turbine speed is too 
low the valve openings are increased to produce acceleration. This control 
therefore, constitutes a closed-loop or servo system, turbine speed being ' 
controlled by valve opening which is itself controlled by turbine speed-acting so 
that the speed error always tends to zero. 

In order to ensure that the rate of opening of the two by-pass valves is 
equal, their positions are measured by synchro elements and a balancing dif- 
ferential signal is fed back to the amplifiers in the servo control unit. Where 
the steam connections to the combined stop and emergency by-pass valves are 
commoned on both sides of the valves it is possible to run-up by opening one 
valve only. In this case it is usual for both valves to be fitted with servo equip- 
ment, but ACTRUS controls only one of them during the course of run-up. 
Kqual wear of the valves can be achieved by dividing the run-up between them 
during the lifetime of the set. 

Due to the inertia of the turbine and alternator rotors, the speed will 
change rather slowly and the control described would be relatively under- 
damped. To overcome this an additional voltage proportional to the pressure 
drop through the turbine is generated in a pressure transducer and fed back 
into the magnetic amplifier. Due to rapid response of pressure to valve open- 
ing, this feed-back produces a well damped control. 

If conditions in the turbine required that a 'HOLD* should be made in the 
programme, the drive to the 'Linvar' is interrupted. The speed reference is 
thus held constant and consequently no increase in turbine speed is permitted 
until the programme is restarted. 

Where conditions in the turbine are more critical, a 'RUN-DOWN 1 may 
be necessary. In this case the programme is interrupted as before, but here 
two additional actions occur. In the first place the speed control servo receives 
a bias signal which causes the steam valves to close at the full rate of the servo 
motors. The set then slows down at a rate dependent upon its own inertia and 
the friction forces operating. As this takes place an additional motor in the 
programme unit is energised and controlled by the speed error signal in such a 
manner that the reference signal is at all times proportional to the turbine 
speed. Thus, when run-up is re-initiated, the turbine and reference speeds are 
already equal and normal run-up can proceed. 
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Automatic Supervisory Equipment 

Detectors fitted on the turbine ensure constant supervision of vibration, rotor 
eccentricity, differential temperatures, condenser vacuum, etc. The outputs 
from these devices are fed to the turbovisory equipment mounted in a separate 
cubicle alongside ACTRUS. This operates various recorders and indicators 
whenever the turbine is running. During run-up the turbovisory signals are also 
fed into comparators (A), Fig. 24 on the previous page, where they are compared 
with references which may be pre-set by means of setting devices (B) . These 
comparators are actually sensitive moving-coil relays with adjustable contacts 
for use as reference values, which are finally fixed during commissioning to suit 
the particular set concerned. 

When the incoming signal exceeds the reference (that is, when the limits are 
exceeded) , the comparators initiate self -sealing relays which pass on the signal 
to the master hold or run-down gate. This, in turn, sends the appropriate con- 
trol signal to the speed control unit and, in the case of differential expansion, it 
also initiates operation of the H-p and I-p flange -warming valves. As the self- 
sealing relays will only reset when the supervisory signal has dropped by about 
10%, the possibility of indefinite action around the set point is eliminated. 

To give a typical example: if pedestal vibration exceeds a pre-set amplitude, 
a HOLD is applied to the programme by stopping the programme drive motor. 
When the vibration again comes within limits, the programme is resumed. If 
the vibration should exceed a second limit, the steam valve is closed causing the 
turbine speed to fall. At the same time a run-down motor in the programme unit 
drives the Linvar so that its output is always matched to that of the turbine 
tachometer. Conditions are then correct for resuming the run-up programme 
when the vibration has dropped to an acceptable value.. 
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QUESTION SHEET 



POWER ENGINEERING 



Second Class 
Sect. 3, Lect. 6 



1. 

2. 
3. 
4. 

5. 

6. 
7. 

8. 

9. 

10. 



Comment upon the precautions which should be taken before 
starting a new steam turbine for the first time after completion 
of erection. 

Briefly describe the steps to be taken when running up a central 
station turbo- alternator. 

What faults can cause loss of vacuum in a steam turbine condenser ? 
How would you discover and correct thet ? 

Sketch and describe an instrument used fo. easuring the absolute 
pressure in a turbine condenser. 

Why measure absolute pressure rather than vacuum, in a turbine 
condenser ? 

» 

What is meant by blade fouling? How can this be prevented? 

Distinguish between blade fouling and blade erosion. 
What precautions can be taken to avoid the latter? 

What is Turbine Supervisory equipment? 
What measurements does it make? 

Explain how a turbine shaft vibration and expansion can be measured 
and recorded and how this information is put to use during the turbine 
operation. 

Give a brief outline of the operation of a fully-automated control 
system used for running a turbo-alternator up to speed, ready for 
loading. 
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GAS TURBINES 





Goal: 


Performance Indicators: 


The apprentice will be able to 


1. Describe types of gas turbine 


describe gas turbines and their 


systems . 

* 


operationl 


2. Describe functions of regenera- 




tors, intercoolers and reheaters. 




3. Describe components of a gas 




turbine system. 

• 


• 

1 

• 
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*Study Guide 




* Read the goal and performance indicators to find what is to be learned from 
package. 

* Read the vocabulary list to find new words that will be used in package. 

* Read the introduction and information sheets. 

* Complete the job sheet, 

* Complete self -assessment. 

* Complete post-assessment. 
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Vocabulary 





# 




* 
# 
# 
# 
# 




Axial flow type 
Centrifugal type 
Closed cycle systems 
Combustion chamber 
Dual shaft machines 
Dynamic type 
Ignition rod 
Inner jacket 
Intercoolers 
Open cycle systems 
Outer jacket- 

Positive displacement compressor 

Regeneration 

Reheaters 

Svirler 

Turbine 
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* Introduction 





Power plants are sometimes located in areas where steam turbines are not feasible 
or the purpose of the plant does not justify a steam powered operation. Gas 
driven turbines are often more suitable in those cases. 

A gas turbine operation has certain characteristics that make them suitable in 
some cases. They offer a simple plant layout with low installation costs. The 
gas turbine requires a lighter foundation than a steam plant and a much smaller 
location area. These characteristics make them suitable for electricity 
generation up to 30 megawatts of output. Gas turbinec find wide usage in 
aircraft, oil pipeline stations and operation of ships and railroads. 





ERIC 




INSTRUCTIONAL LEARNING SYSTEMS 




Information 





The gas turbine operates by passing compressed, hot air through the blades of a 
turbine; The air compressor requires about 2/3 of the energy produced by the 
turbine. The compressed air enters the turbine at some 700 C. Higher 
temperatures increase the efficiency of the turbine but excessive heat will 
damage the blade's. 



Open Cycle Systems 

A gas turbine plant is composed of a compressor, combustion chamber and a 
turbine. Open cycle systems pull inlet air from the atmosphere and dump exhaust 
air back into the atmosphere. Some units have heat exchangers that save the 
exhaust heat and use it at the inlet. The process of saving exhaust heat is 
termed regeneration . A simple open cycle gas turbine plant is shown in the 
following diagram. 



TYPES OF GAS TURBINES 
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Exhaust 
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Information 




A simple unit with a heat exchanger added is shown below. 

Air 




Starting 
Motor 



Heat 
Exchan ger 



Dual Shaft Machines 



Combustion 
Chamber 



Dual shaft machines are used to improve efficiency in the generation of 

electricity when operating at part loads. The dual shaft arrangement allows the 

compressor and turbine speeds to vary while the secondary turbine and generator 

run at a constant speed. A dual shaft arrangement is shown in the following 

diagram. _ , 

Exhaust 




Generator 



Fuel 



[? 



Combustion 
6 Chamber 
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Information 




Regenerators. Intercoolers and Reheaters 

The efficiency of a turbine can be increased by the use of a regenerator to 
capture the thermal valve of the exhaust gas and return it to the inlet air at 
th combustion chamber. Another efficiency improvement can be made by 
intercooling the air during compression. This process reduces the work to the 
compressor. If the air is reheated during its expansion within the turbine, the 
output of the turbine can be increased. Intercoolers and reheaters are devices 
used to improve the efficiency of gas turbines. The diagram below shows the 
arrangement of regenerators, intercoolers and reheaters in a dual shaft turbine. 



L-p 
Compressor 



Air 
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Information 





Closed Cycle Systems 

An open cycle system pulls its air from the atmosphere and dumps it back as 
exhaust. A closed cycle system circulates the air through its system 
continuously. 'Air heaters are required for heating the air that enters the 
turbine. Coolers are used to cool the air before it enters the compressor. The 
air heater is the major drawback to the use of closed cycle plants. A diagram 
of a closed cycle system is shown below. 

Cooler 
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Compressor 
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Generator 
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Starting 
Motor 
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Heat 



Air 
Boiler 



GAS TURBINE COMPONENTS 



Compressors 

Positive displacement compressors pull in air and compress it before releasing 
it to the turbine. Some type of reciprocating piston or rotary device is used 
to compress the air. Several types of positive displacement compressors are 
used in gas turbine operations. 
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Information 



1. Red: rocating tyP e 

2. Lobe type 

3. Vane type 

A dynamic type ' compressor uses rotating blades to squeeze the air into a 
compressed state. Two types of dynamic compressors are used in gas turbine 
operation . 

1. Centrifugal type 

2. Axial flow type 

The lobe type compressor is common to gas turbine applications because it can be 
built in large sizes and with maximum efficiencies. 



Combustion Chambers 

The combustion chamber heats the air 
between the compressor and turbine. 
Remember that the air is cooled before 
entering the compressor and heated before 
entering the turbine. At the top of the 
combustion chamber is a swirl er and 
ignition rod . As the air enters near 
the bottom of the chamber, it moves upward 
between an inner jacket and an outer jacket . 
As it moves upward, the air mixes with 
combustion gases. At the top, part of 
the air is mixed with fuel by the swirler • 
and is used in the combustion process. 
The hot gas leaves the combustion chamber 
and moves into the turbine. Ignition 
rods are used to light the combustion 
chamber. The following diagram shows 
parts of a combustion chamber. 



Swirler 




Hot 
Gas 
Outlet 
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Turbines 

The major difference between gas and steam turbines are in the blading. Blade 
spacing is greater in the gas turbine because air flow requires fewer stages 
than steam. Gas turbine blades are subjected to higher temperatures and must be 
constructed of heat resistance metals. A typical gas turbine and its components 
are shown below. 
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* Complete job sheet. 

* Read pages 22-34 and 41 - 42 in supplementary reference. 

* Complete self-assessment and check answers. 

* Complete post-assessment and ask instructor to check answers. 
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Job Sheet 




INSPECT A GAS TURBINE PLANT 

* Locate a gas turbine plant in the community* 

* Ask permission to observe the unit. 

* Identify the following: 

- Manufacturer of compressor and turbine 

- Single or dual shaft 

- Does it have a heat exchange (regenerator)? 

- Does it have an intercooler? 

- Does it have a reheater? 

- Location of generator 

- Type of compressor 

- Location of combustion chamber 

* Ask questions of operator until you fully understand the parts and function 
of the gas turbine equipment. 

* Observe start-up and stopping procedures if possible. 
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Self 

Assessment 




Match the following terms and phrases. 



1. 


Regeneration 


A. 


Temperature of air entering a 
oas turbine. 


2. 


Positive displacement compresser 


B. 


Saving exhaust heat for improved 


3. 


700 C 


C. 


Inter cools air during compression. 


4. 


Lobe 


D. 


Reheats air during expansidn 
within the turbine. 


5. 


Swirler 


E. 


Continuous circulation of air 
through system. 


6. 


Closed cycle system 


F. 


Common type of compressor to 
gas turbine applications. 


7. 


Axial flow 


G. 


Uses rotating blade to 
compress air. 


8. 


Intercooler 


H. 


Uses reciprocating piston or 
rotary device to compress air. 


9. 


Dynamic type compressor 


I. 


Mixes air and fuel in combustion 
chamber • 

• 


10. 


Reheater 


J. 


Type of dynamic compressor. 




INSTRUCTIONAL LEARNING SYSTEMS 



Self Assessment 
Answers 





_B 1. 

_H 2. 

_A 3. 

_F 4. 

I 5. 

_E 6. 

_J 7. 

_C 8. 

G 9. 

D 10. 



14 



ERIC 



244 



INSTRUCTIONAL LEARNING SYSTEMS 



Post 

Assessment 




l t ^ cycle turbine system takes inlet air from the 

atmosphere and dumps exhaust air back into the atmosphere. 



2. The process of saving exhaust heat is called 



3. Dual shaft machines improve efficiency of turbines when operating at 
load. 

A. Reheating of air during its expansion in the turbine can be accomplished by 
the use of a • 

5. Cooling of air during compression is accomplished by the use of an 



6# A cycle turbine system continuously circulates air 

through its system without dumping exhaust into the atmosphere. 

7. List three types of positive displacement compressors. 



8. List two types of dynamic compressors. 



9. 



rods are used to light the combustion chambers, 



10. The 



chamber . 



mixes air with fuel at the top of the combustion 
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instructor 


^ > 




T'ost Assessment 






Answers 







1 . Open 

2. Regeneration 

3. Part 

4. Reheater 

5. Intercooler 

6. Closed 

7. Reciprocating, lobe, vane 

8. Axial flow, centrifugal 

9. Ignition 
10. Swirler 
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* Correspondence Course. Lecture 8, Section 3, First Class. 
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Gas turbines would be chosen as the prime movers for a power plant 
in cases where the location or purpose of the plant makes some or all of 
their characteristics particularly advantageous. 

These characteristics are: 

Little or no water requirements; 

High power to mass ratio, and consequently only light 
foundations needed; 

Rapid starting and loading ability with no stand-by losses 
which makes them ideal for peak load purposes; 

Simple plant layout with very few auxiliaries, hence small 
location area required; 

Low installation cost, and reduced operating labour require- 
ments; 

Best efficiency and maximum output attained with low 
ambient air temperatures. 

pas turbines are being used at the present time for electricity 
generation in sizes up to about 30 megawatts, though generally the heat 
rate of a gas turbine will be higher than the heat rate of a steam turbo- 
generator set of equivalent power. 

They are, of course, extensively used for aircraft propulsion where 
they have many advantages over the reciprocating engine such as use of 
lower grade fuels, less fire hazard, better balance, greater power to 
mass ratio, simpler cooling problems, etc. 

They are also employed in industrial processes, such as iron and 
steel production where they are used for blast furnace blowers (in this 
case the gas turbine uses blast furnace gas as fuel); in oil refineries 
using the Houdry oil cracking process, and in oil pipeline pumping units. 
They are also used for the propulsion of ships and railway locomotives, 
and in smaller sizes supplied with exhaust gas and used to drive centrifugal 
blowers for supercharging internal combustion engines. 




- 2 - 

Principles of Operation 

The principle o( the gas turbine was first proposed during the 18th century 
but its practical application has only been developed in recent years. This has 
been dependent on the development of efficient compressors and the perfecting of 
suitable materials to withstand the high temperatures used in the turbine blading. 

The gas turbine derives its power from the expansion of a working fluid 
through the blading of a turbine in a similar manner to the expansion of steam 
through a steam turbine and uses the same principles of impulse and reaction. 

It is interesting to note in this connection that the maximum compression 
ratio in a gas turbine plant will be about 7 : 1 and this is the pressure ratio which 
is available to the turbine. A steam turbine plant however may have a pressure of 
17500 kPa at the turbine stop valve and 3.5 kPa at the exhaust, which represents a 
pressure ratio of 5000 : 1. 

Gas turbine speeds of rotation vary quite considerably with the size of the 
machine, for example, a large machine of 30,000 kW may run at 3,600 rev/min, 
an 6000 kW machine at about 5,000 rev/min, a 4000 kW unit at about 6,000 to 
7,000 rev/min, and 750 kW machines from about 10,000 to 20,000 rev/min. 

The gross thermal efficiency of simple cycle gas turbines ranges from 17 to 

22%. 

The working fluid can be any hot gas, but is most often air which has been 
compressed and then heated in a combustion chamber. The gas turbine drives its 
own air compressor, the power absorbed by the compressor being about 2/:* of the 
total turbine power output. 

Mention was made in Lecture 1 of the Brayton Cycle, used as the basis of 
operation of a gas turbine. It was shown that for any given compressor inlet air, 
and turbine inlet gas temperatures, there is an optimum compressor pressure 
ratio at which maximum work output would be achieved by the gas turbine, together 
with the best practical efficiency. 

Once the machine has been designed, the compressor pressure ratio is 
fixed and the variables remaining which affect the machine efficiency and output arc 
the compressor inlet air temperature, the turbine inlet temperature and the mass 
gas flow. 

The compressor inlet air temperature, in the case of open cycle gas turbines, 
is dependent only on the atmospheric air temperature; the lower this is, the higher 
will be the gas turbine efficiency and output. 
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For example, a Brown-Iioveri machine rated at 20 MW output and a heat 
rate of 15,350 kJ/kWh with ambient air temperature of 70°C is quoted as delivering 
30 MW at 12,030 kJAWh when the air temperature drops to -40°. 

The temperature of the gas at the turbine inlet ean be controlled by variation 
of the quantity of fuel burned. Maximum load and maximum efficiency will be 
obtained with top inlet temperature. 

The turbine inlet gas temperature is limited by the material of the turbine 
blades and is generally not more than 650°C to 700°C for power plant gas turbines. 
Aircraft engines are designed for a shorter operating life and the inlet gas tempera- 
ture used in this case is approximately 870°C. 

Efforts are being made by designers to enable gas turbine blades to withstand 
higher gas temperatures through the use of some form of blade cooling. Most of 
the suggested designs employ the circulation of a coolant through the blades such as 
water vapourizing to steam, or forced air, or some liquid sealed within the blades 
rejecting its heat by circulation to another fluid in the turbine wheel. 

If the gas inlet temperature could be raised to 950°C, gas turbine thermal 
efficiencies would advance to the 30% range. The mass gas flow cannot be varied 
independently in the open cycle gas turbine plant and is a function only of the 
compressor speed; load variations in this type of plant are carried out by control 
of the turbine inlet temperature through the quantity of fuel burned. The closed 
cycle gas turbine design however, does allow control of the mass gas flow through 
the machine and this is used together with turbine inlet temperature as the method 
of load control. 

The energy available to the turbine for production of work depends upon the 
heat content of the gases per kg and the mass of gas flowing; the calculation of 
available power is carried out in a somewhat similar manner to that for the 
steam turbine. 

A typical power calculation will be found at the end of this lecture. 

The fuel used in gas turbines up to the present day, has been restricted to 
oil or gas. Many experiments have been carried out, using eoal as fuel, but 
troubles due to slagging and erosion of the turbine* blades have yet to be overcome. 
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PLANT ARRANGEMENTS 



Open Cycle Systems 



The simple gas turbine plant consists of a compressor, a combustion chamber 
and a turbine* Fig* 1 shows a diagrammatic layout* 

Atmospheric air is compressed and then heated to the maximum cycle tem- 
perature by the burning of fuel in the combustion chamber* The resulting products 
of combustion expand through a turbine and exhaust to atmosphere. The turbine 
drives the compressor and the balance of power is available to drive the generator. 
A starting motor is required to get the system into operation. Fig. 2 is a descrip- 
tive sketch of the plant. 

Regeneration 

The exhaust gas temperature from the simple gas turbine will be very high. 
The thermal efficiency can be appreciably improved by the addition of a heat ex- 
changer to transfer some of this heat in the exhaust gases to the air prior to its 
entry to the combustion chamber. This is termed regeneration. Fig. 3 shows 
this arrangement diagrammatically . 

The optimum sized regenerator recovers about 75% of the exhaust heat in 
the gas which is available above the compressed air temperature. The use of a 
regenerator will make typical reductions in the exhaust gas temperature from 450 
to 260 C while increasing the compressed air temperature from 230°C to 400°C. 

Fig. 4 is a descriptive sketch of the plant showing the addition of the heat 
exchanger. The use of a heat exchanger or regenerator in a gas turbine means 
that a large area of heat transfer surface has to be supplied. The physical bulk of 
a regenerator can be accommodated in a stationary power plant but is impractical 
for aircraft or locomotive engines. 

In Lecture 1 of this Section, the ideal Brayton cycle was described and Fig. 
23 was drawn to represent this cycle on a Ttf> diagram. Fig. 5 herein is a similar 
diagram. If the gases are passed out to waste at point 4 (the turbine exhaust) the 
rejected heat will be that shown by the shaded area under 4 - 1 . If a regenerator 
is ued to recover some of this waste heat then the air temperature can be raised 
after leaving the compressor to a figure approaching that of the turbine exhaust gas. 

Fig. 6 illustrates the principle. The area under 4 - 4 ! represents heat given 
to the regenerator and used to raise the temperature to 2 ! . The heat rejected to 
exhaust is now only that represented by the shaded area under 4 ! - 1 . 

This makes a considerable improvement in the gas turbine thermal efficiency. 
For example, a simple gas turbine with reasonable component efficiencies, com- 
pressor 84%, turbine 86%, combustion 97% and a gas temperature of G50°C, but 
without a heat exchanger will have a thermal efficiency of the order of 20% • If a 
heat exchanger of 75% effectiveness is added this will be raised to about 25% (75% 
effectiveness meaning, able to transfer to the air 75% of the heat available in the 
exhaust gas) • 
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Attractive as these gains appear, many industrial gas turbine plants in 
operation today do not include regenerators, for the reason that the plants are 
designed essentially to supply peak load demands. They are intended to be run 
for short periods only and are most attractive in their simplest form and with 
the minimum cost of construction and installation. The heat exchanger or 
regenerator is necessarily a large and expensive item of plant equipment since 
the pressure losses in both air and gas flows must be kept to a minimum. 

Dual Shaft Machines 

The single shaft gas turbine is essentially a constant speed machine, 
variations in speed causing considerable changes in the power output. For 
example, with the turbine inlet temperature kept constant at its top figure a 10$ 
reduction in turbine speed will reduce the power output by about 25%, and a 25% 
reduction in speed makes about 60% reduction in the power output. 

When the shaft is separated as shown in Fig. 7, the unit becomes a dual 
shaft machine . 

When used with a gas turbine plant for electricity generation this arrange- 
ment gives better efficiency at part loads by allowing the speed of the compres- 
sor and primary turbine to vary, while the secondary turbine and generator 
remain running at synchronous speed. It also reduces the power required for 
the starting motor as this does not now drive the secondary turbine and genera- 
tor. 

It can be adopted for gas turbines used for mechanical drive in which 
case it can give variable speed operation of the power turbine take-off and its 
driven maehinerv. 




- 8 - 



Air 



Starting 
Motor 



Z^jjz Compressor 



Fuel 



Xi 
X 



Combustion 
Chamber 



t 



Exhaust 



I 



ft 

r 



Generator 



Open cycle Gas Turbine with Dual Shaft 

£i*JL 



r 



L-p 
Compressor 



Air 



\ Exhaust 



to Stack 




Regenerator 



H-p 
Compressor 



Combustion 
Chamber 



Fuel 



H-p 

Turbine 




Generator 



c 



ERIC 



Open cycle Gas Turbine with Regenerator, Intercooler 

i*i i f-s-8 and REHEATER Fjg.J 

255 



Intercoolin g and Hehcatin g 

Further improvements in the gas turbine efficiency and output can be 
obtained if the air can be inter cooled during compression and the gas can be 
reheated at some stage in its expansion through the turbine. 

Fig, 8 shows the arrangement with Regenerator (or heat exchanger), 
Intercooler and Reheater. Now the machine is in two-shaft form with two 
separate compressors and turbines and a second combustion chamber for 
reheating the gas between the two turbines. 

Referring to the original PV diagram for the Brayton Cycle (Fig. 22, this Sect. 
Lecture 1 - repeated as Fig. 9 below): the cross-hatched area should be the 
amount of work available for the cycle. Compression 1-2 and expansion 3-4 
were each adiabatic operations. If these could have been carried out as 
isothermal (constant temperature) operations, the compression would be 1 - 2 1 
and the expansion 3 - 4 f . This would have increased the available work con- 
siderably. 



An approximation can be made to this condition by intercooling the air 
at one or more stages in the compression and by reheating the gas at one or 
more stages in the expansion. This is indicated on Fig. 10. The intercooling 
reduces the work input to the compressor and the reheating increases the work 
output from the turbine. The net effect of the whole is to increase the output 
of the gas turbine and also to increase its thermal efficiency. 

For example, General Electric Co* quote a thermal efficiency of 29.1 ( /<' 
for a gas turbine of their design driving a 26 MW generator and operating on a 
regenerative, intercooled, reheat cycle* 
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Uses of Exhaust Heat 

One of the largest sources of loss in the gas turbine plant is in the high 
temperature exhaust gas. The temperature at the turbine exhaust may be 425°C. 
The use of a regenerator has been mentioned as one method of recovering some of 
this heat. A waste heat boiler producing steam for space heating or process work 
is sometimes used, either separately or in conjunction with a regenerator. 

The fuel k rned in the combustion chamber of the gas turbine uses only a 
small proportion of the total air flowing in the system for combustion (about 20%) 
so that the oxygen content of the final turbine exhaust gas may be about 17% as 
against 21% contained in atmospheric air by volume. 

Further, the air quantities used by a gas turbine are considerable (about 
0.4 m /min for each kW produced), so this turbine exhaust gas can be used as 
heated air for combustion in a steam boiler furnace. This combination of plants 
gives an improved overall thermal efficiency. 

A combined steam and gas turbine plant may also be achieved by discharging 
the compressed air from the gas turbine air compressor into the steam boiler 
furnace and then expanding the hot exhaust gases from the boiler through the gas 
turbine. This method results in a supercharged boiler and if some of the gas tur- 
bine exhaust heat can be recovered in feed heaters, it will give a greater increase 
in overall thermal efficiency than the first mentioned combination steam -gas 
turbine plant. A gross thermal efficiency of 42% has been obtained from this type 
of combined steam -gas turbine plant. 

Further mention of combined steam -gas turbine plants will be found in the 
next lecture. 



Closed Cycle Systems 

Note that all of the systems so far mentioned operate on an Open Cycle. 
That is, the air used is drawn from atmosphere and the exhaust from the turbine 
is rejected to atmosphere. Almost all of the gas turbine plants in use today 
operate on the Open Cycle system. 

Gas turbines can also be constructed using a Closed Cycle, in which the 
working medium (air) is circulated continuously through the system. 

Fig. 11 shows a layout of the Closed Cycle. 
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In this case the working air has to be heated in an Air Heater before entry to 
the turbine and cooled before entry to the Compressor, 

The closed cycle system has many advantages and is capable of full load 
thermal efficiencies approaching 35%; part load efficiencies remain high also, being 
up to 30% at 25% load. The added complications however tend to offset the advantages 
by increasing the cost of installation and maintenance and there are very few plants 
of this type in commercial operation today. 

Since the working air is not drawn into the compressor from the atmosphere, 
the pressures throughout the system can be made much higher than in the open cycle 
plant. The turbine output depends upon the mass of gas flowing through it so that 
the increased air density resuits in a smaller machine tor a given output rating. 

Continuous recirculation of the working air with no addition of combustion 
products avoids fouling of turbine blades and heat transfer surfaces. 

Use of an air heater instead of a direct combustion chamber allows the 
burning of fuels which would be unsuitable for the gas turbine blading. 

Control of the plant output can be ei jcted by variation of the density of the 
working air; this is done by increasing >i decreasing the quantity of air in the 
system. By this means the speed and working temperatures can be kept constant 
during load variations and high efficiencies can be maintained at part loads. 

The open cycle plant must use air if fuel is to be burned in the combustion 
chamber; the closed cycle plant however, could be charged with any gas which 
possesses satisfactory operating characteristics. Hydrogen, Helium, or a mix- 
ture of Helium and C0 2 have been suggested, the main advantage to be gained over 
air being the higher heat conductivity. This in turn reduces the necessary heat 
transfer surfaces required in the air heater, the regenerator and the cooler. 

The chief disadvantage of the closed cycle system is the use of the air heater 
with its large bulk, inefficient heat transfer, cost aim design difficulties, in 
comparison with the direct combustion chamber of the open cycle plant. 

Fig. 12 shows a schematic diagram of a closed cycle gas turbine plant by 
Messrs. Eschcr Wyss, and Kig. 13 shows a semi-closed cycle plant developed by 
Messrs. Sul/.er Bros. The semi-closed cycle uses direct combustion gases for 
the work turbine and thus reduces the size of air heater required. 
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It was mentioned at the outset that in choosing a type* of plant for the pro- 
duction of power, the* engineer would be influenced by the reduced first cost, 
simple layout, suitability for load peak purposes, etc, , of the gas turbine plant, 
despite its lower efficiency and higher fuel costs. It follows that he would be 
interested in any device which would increase the power 1 output of the gas turbine 
even at the expense 1 of a reduced efficiency, Kspecially if this need be used 
only at peak load periods. 

By injecting water into the hot gases before they enter tlv! turbine, a gas 
turbine output can be increased by about 4 (ft/ at the expense ol about 25 ( ,7 increase 
in the heat rate. When this is done the water must not contain more than Ippm of 
impurities if turbine blade deposits are to be avoided. 

The effect of this water injection is that the water is evaporated into steam 
which has the effect of increasing the density of the working gas in the turbine 
and hence increasing the turbine output. This is done without any increase re- 
quired in the work input to the compressor. 

The steam loaves the turbine exhaust at high enthalpy however, and this 
causes the reduction in plant efficiency. 

Similar results can be* achieved by injecting steam into the* working gas or 
by allowing I he hot air leaving the 1 compressor to evaporate water and carry the 
water vapour with it into the regenerator, combustion chamber, and turbine. 
Alternatively water can be injected at an intermediate stage of the air compressor 
where it serves also for intereooling. This is the method generally used in air- 
craft engines during take-off. 

Fig. M shows these alternative water injection points (Ungrammatically. 

Pre *e Pis ton i las (.ienc r ntors 

He Terence was made* earlier to the fact that a gas turbine 1 can use 1 an\ hot gas 
as its working medium and this principle* is made* use of by combining a gas tur- 
bine with a Free Piston (las Generator. The generator takes the place of the air 
compressor and combustion chamber in the* open cycle plant and supplies hot 
compressed gas to the turbine. It operates in a similar manner to a diesel engine 
and burns similar fuels; the pistons are 'free 1 in that they arc 1 not connected lo 
a crank shaft but free to vary the stroke to match t he* load variations. They are, 
however! connected to each other by a linkage so as to ensure 1 that they remain in 
synchronism. 

Pig. lf> gives a section view oT the plant and Pig. 1(5 (a), (b), and (e) show s 
the operation. 

Th j <»as generator uses liquid bud in much the saint* manner as a diesel en- 
gine, synchronizing linkage 1 mentioned above 1 often being used as the fuel pump 
drivin. icdium. The generator is started with compressed air, the pistons are 
set at their outer limits, and a shot of starting air injected into both cushion 
cvlinders. This drives the pistons to the* centre 1 and compresses an air charge in 
l>, fuel i: injected and I he generator is immediately ruruing at normal spied. 
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The pistons in a normal diesei engine arc connected mechanically to the* 
driving mechanism and hence their speed of movement will depend' upon the amount 
of fuel burned and the load upon the engine • 

In the gas generator the pistons are free from mechanical connections and 
their speed of oscillation depends only upon the pressures in the combustion and 
cushion cylinders. This can ho thought of as similar to a weight suspended from 
a spring where the frequency of "bounce" will be constant and only dependent on 
the spring strength. 

The load output from the turbine is varied by controlling the fuel quantity in- 
jected into the gas generator. 

'lliis combination machine has several outstanding advantages : it dispenses 
with the compressor and combustion ch;unber of the conventional gas turbine and 
operates at a higher compression ratio (about 8 or 9 s 1). The overall efficiency 
obtainable is approximately 40'*. It has a minimum of moving parts and therefore 
low maintenance costs. It is well balanced and requires only light foundations. 

The disadvantage is that it is limited in output by the gas volume which can 
be handled by the "non-flow" part of the system constituting the reciprocating gas 
generator, the maximum of those built to date being about 1 000 kVV. This can be 
overcome by applying a number of gas generators to one gas turbine since the 
"steady flow" type of system of the gas turbine has no gas volume limitation. For 
example, six gas generators supplying one turbine have been constructed and used 
for ship propulsion. 



( i AS TUilUNK CONSTRUCTION 
Com pr essor s 

It was stated in the Principals of Operation, Page 2 of this lecture, that the 
use nf the gas turbine as a practical prime mover was dependent upon the develop- 
ment of high efficiency compressors. The reason for this is that the proportion 
of the gas turbine output used up in driving the compressor is so large that the 
compressor must operate efficiently in order to achieve a useful net output of 
power from the plant. In present day plants, about two-thirds of the total turbine 
output is absorbed in driving the compressor. 

Compressors can be divided into two general types, namely the Positive 
Displacement type and the Dynamic type. 

The Positive Displacement type draws in a quantity of air, traps it, and then 
compresses it by means of a reciprocating piston or some rotary element before 
discharging against the outlet pressure. This type includes reciprocating com- 
pressors, lobe type* rotary compressors, and vane type compressors. 

The Dynamic type imparts a high velocity head to the air by means of rotating 
blades and then converts this to a pressure head before discharging. This type 
includes centrifugal compressors and axial -flow compressors. 
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Of those compressors the centrifugal, the axial-flow and the lobe type 
rotary have been used with gas turbines. The multi-stage axial flow eompressor 
is the type most gone rally used in plants designed for power production and will 
be described first. 



A x i a 1 - 1' 1 u \ v Com p ressors 

This type of compressor operates on a principle similar to a turbine, 
but acting in reverse. The moving blades act upon the air so as to increase 
its velocity and discharge it axially into the next row of fixed blades, rather 
as though each moving blade was a small section of a propeller. The fixed 
blades tend to slow the air down in its passage through them and so raise its 
pressure. 

If the moving blades are properly shaped they will cause the air to be 
compressed in its passage through them so that compression takes place 
in both fixed and moving blading. If the pressure rise in each is equal, the 
compressor is said to be symmetrically staged and is similar to a reaction 
turbine 1 (in reverse). 

Fig. 17 is a plan view of a G700 kW single shaft gas turbine built by 
Clark Brothers Co. of N.Y. and shows a typical multi-stage axial flow 
compressor. 

Unlike the centrifugal compressor, the pressure increase in each 
stage* of the axial compressor is quite small. The pressure ratio per stage 
is about 1. 1 or 1.2:1 but the efficiency of the axial compressor is about H0% 
to 85% which is higher than the centrifugal. 

The axial compressor has the disadvantage that its discharge pressure 
becomes unstable at low output and this can cause severe surging with possible 
damage to compressor and turbine. 



Ccntrifu g al Com | > rcssurs 

This type (sometimes called radial-flow compressors) operates on a 
principle similar to that used by the centrifugal pump. The suction is taken 
into the centre of an impeller and discharges from the periphery. 

Fig. 1H shows a two-stage compressor manufactured by Elliott Company. 
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Their principal advanta ges are simple and rugged construction, short 
length, high pressure ratio per stage (can be up to 6 : I) and the fact that 
their discharge pressure remains stable over a wider range of loading than 
the axial-flow compressor. 

Their disadvanta ges are that when built in multi-stage form they are 
very bulky, and suffer pressure losses in the inter-stage passages. Their 
efficiency is less than the axial type, being only about 70 to 75% and these 
disadvantages are sufficient to make the axial type preferable for gas turbine 
power plant work. 

Positive Disp lacement Compressors 

The reciprocating compressor does not find application with the gas 
turbine because it is limited in the volume which it can pass in any given 
time but it has a verv desirable characteristic in that although its discharge 
pressure may vary with the quantity of air drawn in and with the compressor 
speed, it will always remain stable. It will not surge under any condition of 
loading. 

This characteristic: is also found in the lobe type of rotary compressor 
and is the principal reason for its use with gas turbines when large variations 
of load or speed have to be provided. 

Fig l'J shows the principle of the Roots and Lysholm compressors. The 
Hoots compressor. 1»<"). has rotors rotating in opposite directions 

within :i casing, air is carried round from inlet to discharge in the spaces 
between rotors and casing in the manner of a gear pump. The air flow is 
iransver.se, across the axis of the rotors. 

The 1 vsholm compressor, Fig. 19(b), has two rotors with lobes 
arranged helically on each. The rotors mesh very closely with each other 
without actual contact and the clearance between rotors and casing is kept 
very small. 

In rotating, the rotors draw air from the inlet end of the casing and 
compress it in the decreasing spaces between the lobes as it passes axially 
towards the discharge end. 

These compressors can be built in large si/.es and have high efficiencies 
(MO - M%) together with stable operation over a wide range of loading. 

Combustion Chambers 

The con.oustion chamber, or combustor, in the open cycle gas turbine 
is used to heat the working air alter its discharge from the compressor and 
b -lore entry to the gas turbine. It must do this with a minimum loss of 
pressure and with the minimum of combustion impurities since these will 
be carried with the air into the turbine blading. 
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About 20 per cent of the air entering the combustor is mixed with 
the fuel in the flame tube as combustion air; the remainder - 807,' - 
flows on the outside of the tube and services as cooling air. 

The temperature of the burning gases in the tube will be i:J70°C to 
KtfO C but the final mixture of the air and hot gas leaving the combustor 
is limited to the temperature that the turbine blading can withstand over 
its working life. This is about 050 to 700°C in present day practice so 
that the cooling air and hot gas must be thoroughly mixed before leaving 
the combustor. 

Some of the gas turbine designs use a single, large volume combihstor 
and others a scries of smaller combustors disposed radially around the 
engine between the compressor and the turbine. 

(Jenerally the large combustion chamber will be used when a regen- 
erator is included in the plant or when; heavy oil is to be the fuel used. 
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Fig. 20 shows a section of a combustion chamber of the single type as used by 
Brown Boveri. The air inlet is located low down and the air flows upwards between 
the inror and outer jackets. Approximately halfway up some of the air is mixed with 
the combustion gases through adjustable mixing nozzles; the remaining air serves to 
cool the telescopically arranged cylindrical sections forming the inner tube, finally 
flowing through the annular spaces between sections. Almost 20% of the total inlet 
air reaches the top of the combustor and enters the swirler to act as combustion air 
for the fuel. An electrically heated ignition rod is positioned close to the swirler. 

Fig. 21 illustrates a section through a combustor used by Associated Electrical 
Industries (Canada) Ltd. Six of these combustors are used on a machine of 0.5 
MW output burning natural gas or distillate oil. 

Each combustor is made up of an inner chamber, which is carried on radial 
pins to allow relative expansion, and an outer casing. Interconnecting pipes are 
provided between the six combustors to give uniform combustion conditions and to 
carry the flame from one to the other during the starting sequence, only two of the 
combustors carry igniter elements. 



Tu rbines 

Gas turbines use impulse and reaction blading, working on the; same principles 
as the blading in steam turbines. The main difference between gas and steam 
turbine blading arises from the difference between the working medium, lias 
turbines have a much less number of stages because the total pressure drop 
available is relatively small. The spacing of the blades is much greater because 
of the high volume flow. 

The stresses in the turbine rotors and blading are high because of high gas 
temperatures. In order to withstand this, the rotors are made from heat resisting 
steel, and owing to the difficulty of making large forgings of this material the 
rotors are generally made up of discs bolted or welded together. 

Fig. 22 shows a s- jtion through a Brown Boveri gas turbine set in which both 
the gas turbine and the axial flow compressor rotors are made up of welded discs. 

Fig. 2;j, (a) and (b), show a Westinghouse (las turbine rotor of bolted 
construction. 

(las turbine blading is made of heat resisting steel, forged and machined to 
shape. Steps are taken in some designs to cool the blading, using hollow blading 
with some coolant such as compressed air flowing through. Figs. 24 (a) and (b) 
show a turbine moving blade and a turbine fixed blading half diaphragm respective- 
ly, manufactured by A.E.I. Co. 
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Combustion Chamber of a 
5 Gas Turbine 
I Installation 

\ Fig 20 



Igniter electrode 



Downstream view 
diagram showing < /^T^" 1 ^ * 
igniter positions \j&vr*> V» 
and interconnections Jr*\-\U-j* 
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Combustion Chamber Arrangement 

Fig. 21 
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Le'!. t' o gas tu'b»<>e. right, \t o amal-fio* compressor; In between, a thrust bearing with barring gear, 
fhe on*-. dc-s r-c* s h ?* the ;a**><?t at the i^ei to ?ho gas tatbme and the d'Musors at the outlets from the gas turbine a*d t^e omcesso' 
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Last row of blades has not been 
inserted. (a) 



Individual discs are connected by 
a Curvic coupling and made rigid by a 
number of through bolts, 
(b) 



Gas turbine Rotor of Bolted Construction 

Fiq. 23 



(a) 




Turbine Moving Blade 
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Fig. 24 



(b) 




Turbine Fixed Blade 

(Half Diaphragm) 
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TURB1NK ILLUSTllATIONS 

The following illustrations show gas turbines of various types and manu- 
facture. 

Fig. 25 shows a General Electric two-shaft machine for use in mechanical 
drives, rated at 750 kW t thermal efficiency 21%, power turbine shaft speed 
19,500 rev/min. In this case the main shaft is split between the two turbines. 

The air enters at inlet (1), is compressed in the ten stage axial flow 
compressor (2) to eight atmospheres, passes to the annular shaped combustor 
(3), where it is mixed with fuel and ignited by spark plugs which operate only 
during the starting cycle. The resulting combustion gases first expand through 
the two stage gas generator turbine (4) which drives the compressor and then 
through a power turbine (5) which is mechanically independent of the gas 
generating sections of the engine. The spent gases are then exhausted to 
atmosphere (6). The control (7) regulates power output by varying fuel flow. 



0 GAS GENERATOR TURBINE 



Q COMPRESSOR 




O AIR INLET Q CONTROL 

750 kW GENERAL ELECTRIC GAS TURBINE 

Fiq. 25 



Q fXMAUSt 



V 



Fig. 2(\ illustrates a General Klectric machine rated to deliver !i ,.">()() kW 
at a thermal efficiency of about 20%, It is a simple open cycle, single shaft 
machine. The generator (not shown) is driven through gearing at the air 
compressor shaft end. The combustion chambers are arranged radially around 
the compressor easing. 
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9,500 kW GENERAL ELECTRIC GAS TURBINE 
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Kig. 27 shows the layout of n Canadian Westinghousc Co. 5 MW gas 
turbine plant. It is a simple, open cycle, single shaft machine with six 
radially arranged combustors 



< 



Single Bearing Generator 



Mam Lubrication Oil Pump Impeller 
Auxiliary Assembl 
Axial Air Compressor 



-Generator 
Air Cooler 




Double Helical Reduction Gears 



•Solid Coupling to Reduction Gear 
•Compressor Inlet En-1 Bearing 



"Combustion Ghamti^ 



^Turbine Exhoust LnJ Heorm 




5000 kW C ANADIAN WESTINGHOUSE 
Gas turbine Eig._27 



Kig. lis is n General Klectrir Co. dual shaft machine using a regenerative 
• •yeli'. The si ir from the compressor discharge is ducted awnv in the regenerator 
heat exehanger where it is hen ted by the exhaust gas from the L-p turbine It 
returns \n the large, separate combustion chamber and then to the high pressure 
turbine. 

rig. 2\) is an illustration of a (Mark Bros. t!o. single stage gas turbine 
rated at f IT c><) kW with twin, vertical combustion chambers, and a three stage 
turbine ♦ 
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Hg. .10 shuwa one of the four 25 MW Brown Hoveri gas turbines installed / 
. n ti c- Port M:inn power station of the B.C. Electric Co. Vancouver. This C 

an vl th^i^nf / in f U,rt:owMn « and reheating. There are two shafts , one 
h L-p turb.no. L-p compressor and the generator, and th, other 
cai i\mg the H-p compressor and li-p turbine. 

Kach shaft ,« fitted with a starting motor. Combustion is earned out in 
tvu, arge separate combustion chambers, the H-p heating the air at entrv to 
the H-p turbine and the L-p reheating the gas before entry to the L-p turbine 
An m ereooler ,s fitted between the L-p and H-p air compressors The 

eontTlT ° f 1 V S ™ U r: P° wt ' p slation 15 arranged to be carried out bv remote 
contiol from the load dispatch headquarters of the B.C. Electric Co" 

TLB BINE OPERATION AND CON TROL 

The most striking difference between steam and gas turbine plants from 
' o PJ'rution pomt-of-view is that in the case of a gas turbine of the open 
>< " 1>|H«. with the exception of the fuel control, there are no valves in the 
•nam air-gas low circuit. The pressure- differences throughout are small 
and '-n-.quentlv the- pressure- loss which would occur through a valve would be 

Thus the cjuamilv of air flowing is dependent only on the compressor speed 
h "\ s ltM > n " :,rh ^"-stant. especially in the case of a machine used for 
gen, ra'iilr' KW,,,n,,lon wh,,n ' L,U ' '''""pressor is driven on the same shaft as the 

The gas turbine output however is dependent, not onh upon the quant itv of C 
ombustu.n gases Mourn*, but also upon their energy content, and this allows 
7'"' Uni1 ,H ; r:irri, ' (i »»» '>> variation of the quantity of fuel burned in the 
;; ,, ; , ; u ^ ! ;; ,! Camber, so thai in eases where the machine speed is substantial h 
• oiiM.mi the gas turbine output is directly proportional to the fuel burned. 

A -ingle shall maehine driving a generator will be fitted with a speed 
: < ns lt ;vc. governor with a temperature sensitive limit control on the fuel flow. 
While running up to speed, and at times of part loads, the speed governor will 
eon rol the uel low and the inlet temperature will be below its optimum figure. 
, ,UM hr "'mporature control will prevent the- turbine inlet temperature 

, : l, V' S ""'; " 1S lhl ' sa,t ' the blade mater.al. The output obtain 

a,,,,< ,h «" machine will now be dependent on the ambient air temperature 



A iii'.d'. '.'iL- v "' Te n 1 1 > era tun • 

Cas turbine ratings are usually quoted on the basis of 27°C and loo kPa 
: l tnu 1 sH 1 .M,«yaH,dition.s. Variations in the ambient :„r temperature hav, a marked 

b Tw- -with m tt,Hl ,h v ,uiK,t: r i m « h t„, output 

v.u\ n iu , w,th 11 (. change. In view of this some machines have an element 
'»»'• hided m the governing system to protect the machine against e.xees,,,e r„,.| , K)U 

h ,1, nngh, oeeur m the case wf overload at a time when the amb.cn. ■«.,„,„.„,., „ is 
» Kli lh.M-onsi.sls* ol a temperature sensitive clement located in the a,r inlet duct 
an '' ' " "'«el valve whier will hmit the maximum fuel How according 

pi-' vailmg :imbu hi hniprraiure. h 
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25 MW BROWN BOVER I 

Gas Turbine .Fig. 30. 

c 
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Fig 31 shows a diagrammatic arrangement of the fuel system for an 
A.K.I, gas turbine set of the simple cycle, non-regenerating, single shaft 
type. Protective devices included are overspeed trip valve, low fuel-gas 
pressure, low bearing oil pressure, low compressor delivery air pressure. 

These protective devices in operation will close the trip valve in the 
fuel supply line to the combustors. The trip valve <s normally k^pt open by 
relay oil pressure acting against a closing spring. In the diagram shown, the 
manufacturer supplies a duplicate or stand-by trip valve together with piping 
and test apparatus in order that the operation of the trip valve can be tested 
daily even though the machine is on load. 

Fig, 32 illustrates a typical G.E. control diagram for a single shaft 
gas turbine, showing the layout from the central control panel, through the 
speed governor and fuel control system to the turbine. Included is a fuel 
limit relay sensitive to maximum temperature and to rate of increase of 
temperatu re. 

Fig. 33 is a similar diagram for a G. E. dual shaft gas turbine. Here 
there are two speed sensitive governors, one to each turbine shaft with a 
no/./.le control system operating between the two turbines, as in Fig, 2h, 

(j uaj Shaft Machine's 

When the output ol a gas turbine is controlled by variation of the inlet 
gas temperature, the thermal efficiency of the machine suffers at times of low 
load A two shaft or dual shaft machine has the advantage of being able to control 
the load output by variation of the speed of the gas generating turbine and comp- 
ressor while maintaining the inlet gas temperatures to the turbines at their 
optimum hgures. 

The type of control, for example, is applied to the Brown Boverl machine 
of the type shown in Fig. ;M in which the I l-p compressor and turbine speed is 
varied over a range of :i , (itM) - 1,500 rev/min, while the L-p or load turbine 
speed remains constant and the turbine inlet temperatures are kept at the opti- 
mum r>2o°i\ 

In this system a speed sensitive governor on the load (or L-p) turbine 
controls the fuel supply to the cumbustor of the gas generating (or ll-p) turbine 
in run jun'-tion with a slower acting constant temperature control. The fuel flow 
In lln load turbine is only controlled by temperature. 

t?onl rol S y stem s 

The operation ol a ga^ turbine plant will involve Me following general 
lunctions: (1) Starting and stopping. (H) Speed or load control; (3) Temperature 
and rate ol temperature change contiol. and (4) Kmergeney shut-down control. 

The i-ontrol system employed may be manual, semi-automatic, lullv auto- 
mahe or even a fully automatic arrangement with a remote control. The starting 
sequence uill include mergi/nig o! the auxiliaries, engaging the clutch between 
the starting motor and the set. control of the acceleration of the starting motor 
and control ol l he lue| increases ri<|inn-d to bring the machine up to operating 

:-|h I'd. 
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Fuel System for A.EJ.gas Tur bine 

-DIAGRAMMATIC ARRANGEMENT- Fig.jjl 
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GAS TURBINE PERFORMANCE CALCULATIONS 

The following terms and values are used when quoting the performance of gas 
turbines, 

1. The Work Ratio 

This is the ratio of the net or useful output work delivered by the machine, 
to the work developed by the turbine. 



This will be of the order of 40%, in other words, the compressor takes 
about 60% of the total work developed in the turbine, 

2. The Air Rate 

This is the mass of air required to produce one kWh. It is expressed 
as the ratio of the heat equivalent of kWh in kilojoules (3fi00) to the net work 
delivered to the sha^t per kg of air (kJ). 

The Air Fuel Ratio 

This is the mass of air used per kg of fuel. It is the ratio of the lower 
heating value of the fuel in kJ Ag to the heat supplied by the combustor in 
kJ/kg. 

4 • The Fuel Hate - or specify fuel consumption 



5. The following are definitions of some terms used: 

Compressor Pressure Ratio - the absolute pressure at the compressor 
discharge divided by the absolute pressure at the compressor inlet. 

Machine Efficiencies - refers to the compression efficiency of the 
compressor and the engine efficiency of the turbine* That is, compression 
efficiency is the ratio of the work required for ideal compression through a 
given pressure range, to the actual work required by the compressor* 

Turbo-engine efficiency is similar to the 'efficiency ratio* of a steam 
turbine and is the actual work developed by the turbine in expanding the gas 
over the ideal work available for the expansion. 



Work Ratio = 



Turbine output work - Work input to compressor 
Turbine output work 



Defined as the mass of fuel in kg required to produce kWh, 
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Example . , 

A gas turbine working on the ;iir standard Brayton cycle takes in 1150 nvvnun, 
of air at 100 kPa, and 4.5°C. The compressor compression ratio is 5. Fuel 
burned in the combustor raises the gas temperature of 700°C at the turbine inlet, 
the turbine exhaust pressure is 100 kPa. If the turbine engine efficiency is 85' J 
and the compression efficiency is 83'.?., find the net output power and the thermal 
efficiency of the plant. (Neglect the pressure drop between compressor outlet and 
turbine inlet.) 

Solution 

The method used can be summarized as follows: 

Calculate work done per kg on the air by the compressor and the work done 
per kg by the gas in the turbine. The difference will give the net output work 
per Kg. Find the kg of air flowing per min, then the net output power 

kg air/min x net work done (kJ/kg 
60 

and the thermal efficiency 



kW 



Output work 
Heat supplied 

These results can be obtained by two methods: 

(a) By using basic gas laws and calculating the various gas conditions 

at each stage in the cycle; or 
(1)) By the use of Gas Tables 

In (a), the specific heats of the uas must be assumed to be constant. Cp will 
be taken as being 1.005 and y as 1.1 for this example. It will be assumed that 
air is the working medium throughout, characteristic constant K II.2X71 k-l/kg K. 

These assumptions introduce errors and furthermore the calculations can be- 
come complicated. The (las Tables (b) take into account the variations in specific 
heat and their readings are consequently more accurate; their use also simplifies 
the working of such problems. 

An Enthalpy and Entropy chart for air (similar to the Mollier t hart for steam) 
is available from information extracted from the (las Tables, and this allows calcu- 
lations to be carried out pictorially as was done for steam turbines. 

The cycle would be as represented on 
the II <t> diagram, Fig. 35, point 1 repie- 
senting compressor intake conditions. 
Point 2 will be the point reached after 
ideal or isentropic compression and point 
2' that reached after the actual compres- 
sion . 

Point 'A represents the conditions at in- 
let to the gas turbine. Point 1 would be 
the point reached after an ideal expansion 
and point 1' that ofthcaetu.il expansion. 

Fig. .{a 



li 

A 




9 

ERIC 



288 



r 



c 



- 37 - 

Example 

(liven P. 100 kPa Tj 4.5 + 273 = 277.5 K 

T - 700 + 273 - 973 K 

I> 4 100 k Pa 

4 

v i 

Compression Ratio - 5 = — 

v 2 

Assume Cp for air constant at 1.005 

7 1.4 and R for air 0.2871 kJAg K 



To find P (> 



P V ^ ' P V ^ 
Vl l 2 V 2 



m t 



t x l__L) 100 x 5 100 \ 9.51s 



051 . 8 kPa 

This is the compressor discharge pressure Assuming no pressure drop 
between compressor and turbine then P is also 951 kPa i.e. I\, P ;{ 

Note Ihe pressure ratio of the compressor 
P 



_2 951 .m 

I' loo 



0 . i) I s 



To find V and V., 



Vi * RT t 



wRT LlJh^xW ,± {) m 

— 1 00 



, \' - • : l) . I .»!!.{ in 



pi 
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To find T 



2 



V V 
2 2 



w H T 



2 



T, 



P V 

2 2 

w R 



951 .8 x 0.1593 
1 x 0.2871 



528 K 



To find T 



1 



T. 



1\ 



7-1 




973 x 0.525 



973 (0.1051) 0,286 



I'KI 



511 K 
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Compression Efficiency 



0.H3 



Ideal Temp* Change 
Actual Temp, Change 



T - T 
*2 1 



T 
1 o 



(528 - 277.5) 

0.83 4"5>.& 



528 - 277.5 
T 2 l - 277.5 



301.8 + 277.5 
579 K 



C 



Turbine Efficiency 



. . 0.85 



Actual Temp. Change 
Ideal Temp. Change 



T - T 

3 4 



1 



973 - T.j 



1 



T - T 
3 4 



973 - 51 1 
973 - 0.H.1 (973 -all) 



580 K 



!»73 - 393 



Work done by CompressorAg of air (Ideal) 

Cp (T 2 - Tj) 

1 .005 (528 - 277.5) - 264 k.lAg 



Actual work doneAg 



204 
0.H3 



31 H. 4 UAK 



Work done hy turbineAg of gas 



CM (T, - I ,, 

1 .005 (973 - 511) 



404.3 k ,l Ag 



Actual work donoAg 
Not work output/kg (Ideal) 

Not work outpulAg (Actual) 



161.3 x 0.*f> 
464.3 - 264 

394 .7 •• 3H. ! 



394 .7 k.lA g 
200.3 k .lAg 

76.26 k-l A^ 
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Volume of air flowing/minute 
To find mass of air kg/min 



1150 m 



3 



P 1 V l = w R T 



where P, 



w 



P V 
1 1 

R T, 



V 



100 x 1150 
0.2871 x 277.5 

= = 1443.4 kg/min 
Power output (Ideal/ 
Power output (Actual) 



1 

R 



T, 



200.3 x 1443.4 
60 

76.26 x 1443.4 



60 



100 kPa 
1150 m 3 
0.2871 
277.5 K 



4818.5 kW 



1834.6 kW 



Heat supplied to the cycleAg air (Ideal) 



CP (T 3 - T 2 ) 

1.005 (973 - 528) 
447 kJAg 



Heat supplied to the cycleAg air (Actual) 



1, 



Thermal efficiency (Ideal) 



Thermal efficiency (Actual) 



(•P (T.. - T 9 ) 
1 .005 (5)73 - 57!)) 
39 (i kJAtt 

Work Done 
Heat Supplied 

44.81% 



200.3 
447 



76.26 

396 



19.26':; 



Note the marked effect of the turbine and compressor efficiencies upon the 
thermal efficiency of the plant. 

This illustrates the absolute need for high efficiency compression in particular. 
Reduction in this efficiency would mean that the point would soon be reached at which 
the turbine would be incapable of pnxlucing enough work to drive the compressor and 
the machine would not operate at all. 
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GENERAL INSTRUCTIONS 

for Starting and Sto pping 

As in the case of steam turbines the manufacturers of any particular gas 
turbine set will give precise instructions for its operation and these should be 
followed very closely. The following can be taken as general remarks on the 
subject. 



Check the lubricating oil tank for correct level and start the auxiliary oil 
pump. See that this is delivering oil to all bearings. 

Check the cooling system and start the circulating water pumps. This will 
supply oil coolers, generator air coolers, and compressor intercoolers , where 
these are fitted. 

Check that the fuel supply valves to the combustors are closed off. 

The larger machines will be fitted with jacking oil pumps; in this case start 
this pump in order to ease the mass of the shafts in the bearings. 

Start the barring motor and then the starting motor. Check the starting 
cur runt and spued as this motor accelerates the turbine shaft up to the 
recommended speed. This must be sufficient to enable the air compressor to 
supply air to the combustors and will oe upwards of 20% of the full speed. 

As a rough guide it can be taken that a gas turbine set requires a rotation 
of about !>0% of the full rated speed to obtain a sufficiently high air pressure 
to be self sustaining. 

The starting motor power required to attain this speed in 1 minute will be 
about 5% of the rated output of the set. 

Supply ignition to the combustors and begin admitting fuel. See that ignition 
is satisfactory. Increase fuel and when combustion is stable switch off the 
igr tion> 

The temperature at inlet to the turbine must be carefully watched as the 
turbine speed increases, and kept within the recommended limit. 

The starting motor is generally arranged to cut out automatically by a 
centrifugal clutch or other means. 

The main lubricating oil pump and the sped governor will be gear-driven 
from the main shaft and will come into operation as the* speed builds up. Within 
about 10% of norma! running speed, the governor will take control. The main oil 
jMunp will indicate full running condition when its oil discharge pressure reaches 
a steady figure. 



Starting 
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The total time taken in running up from standstill will be about 10 minutes. 
Adjust the machine speed to correspond with the system frequency with which 
the generator is to be paralleled, synchronize and close main switch. 

Raise load as required. A gas turbine can be loaded rapidly since the 
expansion problems are not so acute as a steam turbine. The time taken from 
no load to full load on a 30 MTW machine is quoted by Brown Boveri as being 
about 10 minutes. 

Shutting Down 

Reduce the load on the generator. 
Open main switch. 

Leave the machine idling for a few minutes. 

Start the auxiliary oil pump and see that it is delivering oil satisfactorily. 
Change over fuel supply to hand control and shut off fuel. 

See that ignition ceases in the combustor and allow the machine to come 
to rest. 

During this time control the circulating water supplies to give the required 
lubricating oil temperatures. 

After the machine has stopped, run the jacking oil pump and then start the 
barring motor to keep the shafts rotating slowly during the cooling down period. 

N otes on Operatin g 

Whilst in operation the gas turbine will require supervision to ensure that 
lubricating oil flow and temperatures are satisfactory, cooling water flow is 
adequate to maintain oil cooler and generator air cooler conditions, correct 
operation of inlet-gas temperature regulator etc. Some machines, for example, 
Brown Boveri are provided with sight glasses into the combustors to observe 
the combustion conditions, and into the turbine inlet stage to observe the appear- 
ance of the inlet stationary diaphragm blading and the first row of moving 
blading. 

Safety devices, such as the machine over-speed trip, should be tested at 
regular intervals. Sequential interlocks arc often provided to protect the machine 
against operation ef starting motor and ignition in incorrect sequence. Ignition 
should not be switched on when the machine is standing since there may have been 
some fuel leakage into the combustor and there is danger of explosion under these 
conditions. Running the compressor by the starting motor will ensure sufficient 
air flow to dispel any residual fuel gases. 
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QUESTIONS 

First Clciss 

P OWER ENGINEERING Sect 3, Lect. 8 

1. In what circumstances would you expect to find a gas turbine 
plant chosen as the prime mover for power production or for 
electricity generation? 

2. Explain with the aid of a diagram the layout and operation of a 
simple, open cycle gas turbine. 

3. Review the possible improvements to this cycle. 

4. Why is a starter motor necessary for a gas turbine. 

5. What is meant by a closed cycle as applied to a gas turbine. 
Give the advantages and disadvantages. 

6. What is a Free Piston gas generator, how does it operate? 

7. Give the types of air compressors used with gas turbines. 
Why are these types chosen? 

8. What are the fuels used for gas turbines? > 
Can coal be used for this purpose? 

9. State the main differences between steam and gas turbines. 

10. How is load control carried out on a gas turbine used for electricity 
generation? 
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